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Highlights

» Positioning, navigation, and time (PNT) technology usage has doubled every 5 years, mostly becauge of the
U.S. Global Positioning System (GPS) program and the miniaturization of electromechanical compgnents.
Future PNT usage is expected to double every 2 years because of telecommunication and automobilp
navigation commercial markets. On 1 May 2000, the President discontinued Selective Availability of GPS.
"The decision to discontinue Selective Availability is the latest measure in an ongoing effort to make¢ GPS
more responsive to civil and commercial users worldwide. This increase in accuracy will allow new GPS
applications to emerge and continue to enhance the lives of people around thetworld."

-}

» The economic engine for PNT is both the nonmilitary commercial community sector and the expandi
need for more accurate position and especially precise time.

g

» Military exploitation and harnessing of a three-dimensional position (latitude, longitude, and altitude) and
precise time (POSITIME) common battlespace grid reference and use of hybrid multisensor arrays arg in the
embryonic stage. The impact on the military in terms of situational awareness—that is, the use of multiple
sensor data to reduce fratricide and positively identify friendly forces, foe targets, and neutrals—uwiill bg
significant.

» Significant advances in PNT technologies should be anticipated from developed nations and less deve¢loped
nations. This will allow more nontraditional sources in manufacture of PNT products.

OVERVIEW

Recent localized conflicts and the evolving role of the U.S. military in antiterrorism points to (1) the future use
of more autonomous unmanned vehicles (AUVSs) for precision strike and tactical combadlition to surveillance,
targeting,andcovert operationsand(2) more use of long-rangstand-off, precisiorand laser-guidedveapons and
other smart weapons, including artillery shells and munitions. Joint U.S. and allied military ladda®aforces
will also need new levels of situational awareness to reduce frateo@igrovide rapidbattlefield tracking otroops,
both friend andoe. Theneed tominimize timeover targetand maximize kill will require accurate antbntinuous
knowledgeand location of targets, especially mobile targetid battlefield damageassessmentand in-flight
retargeting ofmissiles and weapons. These capabilitiegll translate directlyinto tactical and strategic military

1 President Bill Clinton, the White House
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advantage, savelives, and reducedmilitary cost. Toachievethis will require using advancedtechnologies in
computer processing, navigation and precise time, telecommunications, and positive combat identification sensors in
a “system of systems.” This will provide the capability to determine accurate locatidmendfy and enemyforces,

as well as to collect, procesmddistribute relevantatathat is positionandtime (POSITIME)taggedacross the
battlespace. Thigteractive “tactical pictureWill gain U.S. forces anenormous dominant battlespaaeareness,
which will decrease response tiraed make the battlespa@®nsiderably transparent ftre warfighter? Included in
this sectionare descriptions of the technologie®cessary to achiev@ominant battlespace awareness, including
autonomousand cooperative positioning, data-basednavigation systems, positive combat identification, and
nonintrusivedetection ofmilitary force elements. Figures 16.0-4nd 16.0-2 showbattlespace awarenefw two
warfare scenarios: sophisticated conventional warfare and military operations in urban terrain, respectilatgr The
is the more complex and resource-intensive environment; it requires very precise situational awareness.
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Figure 16.0-1. Concept—Sophisticated Conventional Warfare

RATIONALE

The importance of these technologies and their potential capabilities coulgkdidy friend andfoe) to deliver
conventional weapons, a single item (for nuclear), individually targeted remote vehicles (RVS), or a set of items to a
level of accuracyappropriate tahe destructivefootprint of these munitionsThese parameters could behieved
either individually or wherused as an integrated bybrid system. Accurate positioning, attitude, pointing, and
control of land, sea, air, and space vehielessential foreffective coordination ohighly mobile militaryforces.

These capabilities directly enhance the delivaguracy andethality of mannedand unmannecguided and unguided
weaponssystems. Imaddition, othermission requirements, such asconnaissancand detection,require accurate

2 Joint Vision 2010
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velocity, motion compensation, and positioning synchronization data to maintain real-time knowledge of the enemy.
Accurate POSITIME sequencingand use of sensor informatioare key force multipliers to offsetnumerical
superiority of anadversary and reducasualties Access tothese technologies woulamplify threats toregional

stability by making available to hostile forces a much superior capability.
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Figure 16.0-2. Concept—Military Operations in Urban Terrain

Situational awarenesgyreatly reducesthe combat stress of the warfighte®ituational awareness is a
fundamental requirement for combat decision making and fratricide redudti®nforcesmust beable to positively
identify all targets in the battlespace fl combat missiorareas—air taair, air to surface, surface to surface, and
surface toair. Surface, irthis case, includes landgea,and subsurfaceCombatidentification (CID) is essential in
order for commanders to effectively field fighting forces that can rapiatipositively identify enemiesfriends, and
neutrals in the battlespace; manage and control the begteoptimally employweaponsand forces;and minimize
the risk and occurrence of fratriciéle.

The greatly expanded military use of the U.S. GPS has created the significant, military advantagecofasn
navigation and time reference system, but at the price that hiostiéswill try to locally jam GPS signals or use
GPS for their own purposes. The latter could also require the use of local jamnfiiendly forces to denwyse of
GPS by an enemy. Eithescenariowill require U.S. forces and its allies to use GPS in a high jamming
environment. Developing technologies for GPS antijam improvements will mitigate this issue untiéwedaping
technologies provide DoD with affordable,nonjammablegquivalentGPS precision navigatiorand precisetime

®  Joint Warfighting Science and Technology Plan: Combat Identification.
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referencefor the battlespace. In urbameas)oss of GPS signaldue to signal blockageand multipath problems
provides a challenge to overcome.

TECHNOLOGY ASSESSMENT

Overthe next 2 to 5 yearglifferential GPS (DGPS) systems wifprovide veryaccuratenavigation within
1-2 m inlocalized areasWide-areaaugmentation system@VAAS) for air traffic control purposes willprovide
differential corrections over wider areathan most DGPSLocal areaaugmentation system (LAASYill provide
differential correctiondor air traffic control in the vicinity of an airport. The use @PS, long-rangeaid to
navigation (LORAN), and other navigation/telecommunication systems [(Russian) Global Navigation Satellite
System (GLONASS)European Geostationary Navigation Overlay Service (EGNOS), Eurdgeimm GNSS-2,
Teledesic, and other satellite telecommunication systems] will provide greater accuracy and rfosanifesatellite
signals. Continued improvements in orbit accuracy and time could further improve GPS accuracy from 2-3 mto 1.5
m andDGPS accuracy tdess than 0.6 mHowever, radio navigation systemsre not completely autonomous,
relying on external signals that can be jammed. The military applicatigecofeticand geophysicabatabases, such
as terrain, magneti@nd gravity matching techniquesffers the possibility of a more autonomousavigation
capability, reducing the concernfor detectionand jamming of GPSand other radio aids. Suchgeodetic and
geophysicaldata bases carsupport navigation to near-GP&curacywhen GPS service is not available (see
subsection 16.3). Commercial telecommunications growth will contipueviding affordable hand-helctellular
communications worldwide, including GPS/digital maps at the local area. On May 1, 2000, wdikctirginuance
of Selective Availability, the civilianaccuracy ofGPS wasreduced(improved) toless than 10 meterand the
accuracy oftime broadcast byGPS wasimproved towithin 40 billionths of asecond By 2001, theFederal
Communications Commission (FCC) has mandated that all cellular phones identify their locations to within 125 m
for 911 emergencycalls. These decisionwill significantly increasePNT usageand researclinvestments.Hybrid
inertial navigation system (INSystems, such as GR®mbinedwith ring laser gyroscope (RLG) or fiber-optic
gyroscope (FOG)NS, will be expandedvith more combinations of navigatiaandtelecommunication functions.
This will minimize theeffect of GPS jammingand loss of satellite signalglue to terrain or other reasons.
Miniaturized GPS (GPS on a chip) will hastdrybrid INS/telecommunicatiompplications atreducedcost (see
subsection 16.1.). Maximum utilization oarandfar infrared device$i.e., thermal tapesBUDD, and Phoenix
Light) andimage intensifiel(12) devicesacrossU.S. forces, togethewith increasedraining, can provide limited
improvements in CID. Further integration among thé. forcesandits allies of new CID technologiesboth
cooperative and noncooperative, will present a challenge to ensure that they are reliable and affordable.

Over the next 5 to 15yearsINS could be revolutionized by microelectromechanisgstems (MEMS)
technology, a fabricatiorapproachthat conveys theadvantages ofminiaturization, multiple components, and
microelectronics to the design and construction of integrated electromectsysigahs. Current MEMS  tuninigrk
gyroscopes, smaller than a paper clip, have an accuracy of 100 deg/hr, with 10 deg/hr accuracy expeeted bfy the
1999. Given similar experiences over the pasy@frswith RLGs andFOGs, it isvery likely that MEMS gyro-
scopes with accuracy @&.1 deg/hrareachievablewithin the next 5 to 15 years, witlartherimprovementghere-
after. Concurrently, RLG and FOG aircraft INS performance could continue to improvel footo 0.1 nmpltcircle
error probable (CEP). MEMS technology could be furirdranced byhe continuedgrowth of optical computing/
processing/correlating technologigsgeSection 10),especially in georegistration difybridized datafrom remote
sensors (pseudo-imaging) using highly accutiaténg data.The use of MEMS technology within RLG/FOG INS
is very possible as part of tladfordableINS technology evolution shown in subsection 1@&tcurateandminia-
turized “smart’gravity and magneticdetectionsensorccombinedwith GPS/INSand satellite communicationill
providetarget recognitiorandreal-time movemengnd direction of enemyforces and large mass items, such as
missiles, tanksandother large weapons. These same sensmrinedwith biological, chemicaland/or neutron
emission sensorsould help identifyand track movement of biological, chemicaind nuclearemissions on the
battlefield. Further costeductions wouldallow localized battle areas to bé'seeded’(by mini-AUVs) with these
detection devices, providing criticattelligence of troop, missile, tanlgnd artillery movement.Accuratetime,

4 White House, Office of Press Secretary
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combined with multiple optical, vibration, magnetic, and gravity sensors in smart arrays, is a leveraging application
of these technologies. The use of a standard time reference with ion clock technology will improve absatartg

to better than 1. Further microminiaturization of low-powetock technologies willprovide autonomous‘fly-

wheel” time devices inall navigation and communication equipment, providindirect-Y code acquisition and
minimizing the effect of GPS jamming. These improvements will result in a precise standard militargfenarece

for U.S. forces and its allies, providing enormous benefits in precision navigatiand rapid and secure
communications across the battlespa@ecause ofts importanceprecisetime and frequency{PT&F) capabilities

are discussed in a separate subsection (16.5).

The use of GPS time synchronization to locate the position of 911 cellular users can be adapted by the military
to improve situationahwareness irurban terrain.ntegratedwith CID tags and localized terrainmaps, mini-
navigation/low probability of interception (LPI) telecommunication sensors pnayide positive ID of friendly
forcesandtherebyreducethe “fog of war” in urban terrain. Radidrequencyidentification (RFID) is aleveraging
technology. Improvements in thend warriorsystem, the U.SArmy'’s first-generatiorintegratedfighting system
for dismounteccombat soldiers, wilintegrate telecommunicatioramd navigation technologies with aintegrated
helmet assembly subsystem includindheads-updisplay and image intensifier fomight operations, aveapons
subsystem with thermaveaponsight, close combat opticsjdeo camerawith a video capturecapability, laser
rangefinder/digital compass, and an infrared laser-aiming light.

Overthe next 15 to 20/ears nanoelectromechanicalstems(NEMS) technology, atechnique of building
machines (such accelerometerand gyroscopes) fronindividual atomsand molecules,could continue todecrease
the size and cost of INS. The lawanufacturing cost ahis technologycould furtherrevolutionize navigation by
providing an autonomous INS using multiple NEMfcelerometergpotentially eliminating theneed for
gyroscopes), at a cost of less than $500. For the military cthilsl affordablyallow a nonjammable INS to be
installed on every air, land, and sea vehicle; smart weapon; artillery shell; and warfighter. Integrated witbuaksets,
as the Airborne Warningnd Control System (AWACS), satellitegnd AUVs, using advancedelectro-optics,
infrared radaryideo cameras, motion-detectisensorsand sophisticated automatic target-identificatialgorithms
and datebases, this technology wifirovide a veryaccurateview of the battlespace, particulartjuring military
operations in urban terrain (MOUT3eeFigure 16.0-2) Expandeduse of araffordable, accuratand autonomous
navigation systentould bettersupport precision insertion of combfatrces and their protection, providing low
fratricide and collateral damage, particularly in urbamain. By 2025 friendly troopsand equipmentwill enter the
battlespace with their personal identifiers. The identification mechargsaigd be inthe form of microchipsvorn
by or imbedded in the soldiers. The same prinajjoleld be applied toehicles. NEMS technology promises to be
among the most promising developments of the 21st century.

WORLDWIDE TECHNOLOGY ASSESSMENT

Depending onnational desiresand needs,nations have chosen to developroduce,and use positioning,
navigation, and PT&F technologies for militaryand commercial purposes. Many countries dot have an
indigenous aircraft-,ship-, or spacecraft-manufacturingapability and the inherentguidance and navigation
technology thatre fundamental requirement§he cost forThird World countries to design, fabricatand apply
these technology areas has been a limiting proliferation factor. However, thdrkatsitton of MEMStechnology
to low costandhighly accurategyroscopesand accelerometers, coupleglith advances incomputer memory and
speed, have significantly reductte cost of INS. Historically, an INS wasdcontinues to be more expensive to
produce and maintain than a radio navigation system.artisther military missionconsiderations havied many
nations to rely more oradio navigation systems for many militagnd commercial nheedsContinuous gains in
microminiaturization of sensors and computer technology will continue to drive down the cost of INS. As INS costs
drop, the technologgould become available toountriesheretoforeunable toafford this system, which has the
military advantage of amutonomous, cover@and nonjammableguidanceand navigation capability foraircraft,
missiles, and weapons of mass destruction (WMD).

MEMS technology is alreadysed byJapan, SoutlKorea,andother countries for automotive airbagplica-
tions (accelerometersand ride control and antiskid systems(gyroscopesand accelerometers)Current MEMS
technology has been successful in producing accurate linear acceleration sensors, but is years away from providing an
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accuracy similar to a RLG INS. However, low-cost MEMS INS, compounded with the worldwide commercial use of
global navigation satellite systems (GNS#&)d its technologyadvances andhe emergence of accurate terrain
mapping, will allowfor the proliferationand accessibility of highlyaccuratePNT systems, which will be a
challenge to prevent. Currently, the only GNSS that exist are the U.S. GPS and the GLONASS. A G¢®Bal

such as thézuropeanUnion GNSS 2, is a strong possibilitfhe GNSS 2 may consist of 88w-Earth-orbiting
satellites, providing 5- to 10-raccuracy.The latestsatellite-based cellulgphone systemgould also solve the
geolocation problemincreasedproliferation of foreignGNSS capabilitycould provide unbridlecand accessible
navigation accuracy that could enhance the delivery accuracy of Third World countries’ missiles and WMD.

The radio navigation process supports a magetdingreferencefor the world. Theexpandinguse of GPS
hasreversedhis trend,andthe futurewill seethe conversion to trukeadingfor geo-referencing asapping and
imaging technologies converge. Many countaesusing the U.S. GPS tmprove theaccuracy oftheir weapons
and the situational awareness of their operations forces. Jamm®Bfsignals by th&nited States in thesvent
of war would limit its usefulness to an adversary, but doing so would require the UnitedaBthtssfriendly forces
to operate effectively in a high jamming environment. Those developing technologies aucdurase small clocks
that allow usability of GPS signals in a high jamming environmest consideredtritical for military use.
Currently, U.S. militaryneedsfor crypto, securetelecommunicationsandantijam communicationsire becoming
increasinglydependent orthe accuratetime from GPS. Precise time is key to th&uture of navigation and
communication systems. The need for an autonomous, nonjammable, commaefeierecesource is discussed in
subsection 16.5. Precise time technologies will provide accurate and stable time to be disseminated tiomé#ary
aroundthe world. TheUnited States ha®eenthe world leader inthe developmentand utilization of precisetime
technology, including telecommunication, encryption, and data transfer.

Some countries, such as France, the @Kg Russia,have beerleaders inpositioning, including inertial,
gravity, and magnetic sensorsgio navigation;andprecisetime because ofheir indigenousaircraft and spacecraft
industry. These countries hadevelopedtheir own technologies. For other countries, much of the technology
capability has beembtainedthrough U.S. licensingagreement transferand foreign students attending.S.
universities. Now, however, inertiahd GNSS technology symposae held inEurope, Russiaand China with
wide international attendance and papersentationstHybrid navigation system technology is also nhow a common
topic at international navigation conferences, and the theory and practice of Kalman filters is well ®ootimued
cooperatiorwith allies andinternational bodies imecessary taeducethe proliferationand use of accurateINS,
hybrid INS, and GNSS capabilities for use by adversaries in missiles and WMD.

The development leaders of situational awareness/combat identification (SA/CID) techraefpeshe most
part locatedwithin the NATO countries: France, Germany, th, andthe United States. Furthedetails of the
foreign technology assessment are provided in the respective subsections.
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Figure 16.0-3. Positioning, Navigation, and Time WTA Summary
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SECTION 16.1—INERTIAL NAVIGATION SYSTEMS
AND RELATED COMPONENTS

Highlights

» Inertial navigation technologies provide an autonomous, covert, and honjammable three-dimensional
position and velocity reference for land, sea, and space platforms, which will enhance the ability of th
military to achieve mission goals.

D

» Major reduction in manufacturing complexity, size, and cost of INS will be realized by use of MEMS
sensors, electronics, and radio-frequency (RF) interfaces. This will allow expanded military use of INS (for
personnel, low- cost vehicles, smart artillery and ordnance, and AUVs) and expanded commercial
applications, thereby providing a larger market for more nontraditional manufacturers of inertial navigption
technology.

» Through better noise compensation techniques, RLG and FOG will continue to improve free inertial
performance (1.0 to 0.1 nm/hr), providing better platform stability augmentation and weapon delivery

» Future developments in nanotechnology, particularly NEMS accelerometers, may eliminate the need|for
gyroscopes if quantum noise measurement techniques are resolved. If achieved, this may exploit the|use of
NEMS within the basic building materials for tanks, vehicles, and uniforms, significantly improving
situational awareness and reducing fratricide.

* Military application of INS with embedded GPS, LORAN, and data-based referenced navigation systems
(DBRNS) will increase. These hybrid systems bound the time-dependent errors of the inertial gyroscqgpes.
The resulting accuracy of position and time provides a more robust navigation system. Improvements in
hybrid systems will lead to port-to-port submarine navigation without need to surface.

*  Built-in redundancy through low cost, small size, lightweight, and highly reliable components will allgw an
affordable, throwaway logistics concept. This will enable a rapid affordable technology insertion of IN
technology.

v/

OVERVIEW

An INS is a self-contained, covert system thadvidescontinuous estimates of some or all components of a
vehicle state, such agmsition, velocity,acceleration, attitude, angular radémd often guidance orsteeringinputs.
The currentmajor obstacle of more universal INS useits loss ofaccuracyover time and high cost. Military
applications include both strategic and tactical systems: missiles, Ab&fmed aircraftsatellites,aircraft carriers,
submarinessurfaceships, andland warfare.Targeting, surveillanceand command, controland communications
(C3) systemsrequire high navigation accuracy. Figures 16.1-1land 16.1-2 addressthe key gyroscope and
accelerometer performance requiremdntsthese military applications, as well the kegmmercial automotive
market driverINS technology hadveen enormoushaffected by advances inomputer technology (memory and
throughput), sensors, power quality, and electronics. Most current INS use optical gyroscopes: RLG or FOGs. RLG
andFOG INS technology will continue to improveee inertial sensomperformancefrom 1.0 nmph to lesshan
0.1 nmph, while decreasing costs.

11-16-9



SCALE-FACTOR STABILITY (ppm)

SCALE-FACTOR STABILITY (ppm)

z/ ’—)-' \
TACTICAN MISSLE s
1,000 — ,,A~ / MIDCOURSE ~ *
+* NISSLE NUIDANCE /
(/ INTER- 7} ,\-_—-
= CEPTORI AHRS -
/TELLAR A|DES\
100 — . REENTRY -
50 - — "“‘/\/
\CRUISE MISSILE—t /TANKS \
o ARGRAFT -
MECHANICAL-PENDULOUS
e — — REBALANCE
LT T~ (~AUTONOMOUS ACCELEROMETERS
1+ SELF-ALIGNING : < SUBMARINE ..
STRATEGIC MISSLE \ =
. 1
1 .
\ STELLAR-AIDED /
STRATEGIC MISSILE
01 D~ | L1 | |
0.1 1 10 50 100 1,000 10,000
~<«—— HIGH PERFORMANCE —————>»}<«— MEDIUM —>+}<«—— LOW PERFORMANCE ———— >
PERFORMANCE
BIAS STABILITY (ug) 0000121
Figure 16.1-1. Accelerometer Technology Applications
(shaded area is militarily critical region)
.’/ ’
s
1 nautical mile earth rate / \) ,
I — {EBHT\ /
— <109 10<g < 100 N / CONTROL -+ /
I (\ MUN\TIONS/
| — I TACTICAL MISSLE “Ngoeojics, ¢
1,000 K STELLAR\\l i e
{ forELLAR NAVIGATION R
AHRS )“ 1 \_ A
_ X TORPEDOES / \ /
100 |- — ' \ e N
’’ INTERCEPTOR
. / \ \ I
10 ’STRATEGIC) . SI\%ESR CRUISE MISSILE |
\ MISSILE { NAVIGATOR
K _— SURVEYING  / |
R 'AUTONOMOUS’/\ .~
KSUB@INE’} |
T = |
1 . =0
QACKly -\U/Né\-\?ED)
0.1 |~ | | | | | | |
0.000015 0.00015 0.0015 0.015 0.15 1.5 15 150 1500

~«— HIGH PERFORMANCE —><€———MEDIUM PERFORMANCE ————><— LOW PERFORMANCE —~

BIAS STABILITY (deg/h)
98-0042-2

Figure 16.1-2. Gyroscope Technology Applications
(shaded areas are militarily critical regions)

11-16-10



RATIONALE

INS technology (providing aautonomous, anti-jangndcovert capability ofguidanceand navigation) will
continue to be critical for military use in thiereseeablduture. The availability of the GNSS in a tighttpupled
approach with the INS provides a system that is robust against janamirsgitellite availabilityand more accurate
than either INS olGNSSalone However, theemergence ofow cost INS, coupledwith other sensorgforward-
looking infrared radar (FLIR), LORAN, air data, gravimeters, radar and/or laser altimete@@neferenced databases
(digital terrainmaps including magnetiandgravity data),will provide an alternative t&PS in a high jamming
environment. Further improvements hybrid INS systems,particularly DBRN, will increase covertness and
accuracywithout use of GNSS. This willead to port-to-port submarine navigation capability withawged to
surface. These systems can also provide very accurate guidance and velocity data for an adversanialssitleratiy
WMD. The increased reliability andecreasedost of RLGs, FOGsandMEMS gyros (gyro on a chip) wilallow
for an expandingist of military andcommercial applications. An IN8ndits respective sens@omponentshave
wide applications in commercial transpantdcivil aircraft, surveying,researchandrobotics. While thisprovides
greater opportunities todevelop these technologies rapidly, theansfer oftechnology fornon-U.S. military
advancementsvill be a challenge to prevent. Loveost, micromachinedinertial technology is receivingvide
commercial funding outside dhe United States. TheGeneralAccounting Office (GAO)/National Security and
International Affairs Division (NSIAD)Report 93-67 oMarch 1993 notedthat “thetechnicaldatafor nonmilitary
INS is the same as for military INS and is particularly sensitive because it enables the licenaeeféatureall or
part of the item.” This quote is even more germane today.

Future key critical technologies are temergence ofow-cost, microminiaturizedINS using MEMS (MEMS
could revolutionize navigation). The commercial automotive marketgriving the MEMS technologydevelop-
ment. Current MEMSgyroscopesreless than 5¢< 1 cm, with anaccuracy ofLl00 deg/hr at ecost ofunder$50.
Industry expectations are to achieve 10 deg/hr by the end of 2000. Depending on military investments in that market,
over the next 5-10 years MEMS-type gyroscopes could achieve tactical accuracy of 1.0 to 0.1 deg/hr.

Future miniaturization using NEMS sensors may be possible adventagevould bethe elimination of the
gyroscope, using only accelerometers for sensing linear and rotational accelerat8fi®idegcluster peraxis. The
issue is the sensitivity of the accelerometer to detect Earth’s gravity because of the sensor’s small mass and ability to
detectquantum noisédevels. Currently, the NEMS markelriver is focused on medicaommercial applications.
This technology habeenincluded because dfs potential significant military benefits eéduced oINS cost and
size. NEMS technology will lag MEMS technology by 10 years. Figure 16.1-3 shows the INS techresidgy
andcosts projections over the next 10-2ars acrosmultiple INS users. Figure 16.1-3 also shows tmatre
sensor hybridization will occur over the next 5-ars asGPS and other telecommunication functiorse tightly
coupledandintegratedwith INS. This massiveproduction base, as well as tlev cost of MEMS and NEMS
sensors, could significantly reduce the cost of many military INS to less$8@h As the cost of INSecreases,
their use in commercial applicatiomsll increase dramaticallygspecially in active robotic control. Current INS
commercial applicationglreadyinclude stabilization ofcameras(analogous to weaporight stabilization) and
automotive ride and stability control (analogous to turret stabilization). Foreign availability is incnegithg as
the need for specialized manufacturing equipment and facilities decreases. Couitreades ithe costandsize of
INS technology willaffordablyallow autonomous, non-jammablend accuratéNS to be installed omost DoD
assetsand even combat personnel, thereby providingc@mmon coordinated referenceystem for the military
battlespace.

The military dependency on GPS, with its inherent susceptibility in a jamming environmered llasmore
use of INS tightlycoupledwith GPS in ahybrid INS configuration. Thecurrent tri-Service embeddedGPS/INS
[embeddedGlobal Positioning System inertilEGI)] is an example of the movement of theseparatesystems
(GPS and INS) into a single system, with the attendant reductions in size, weight, and cost.

Future technology advances in electronic miniaturization, such as GPS on(eefehnipo Subsection 16.3), as
well as satellite-based telecommunication systems using trilateration timing signals (i.e., Celestri, Tahede$ic
Cellular), will result in further combination of navigatiand communications functions. Aseamless” navigation
system usindhybrid sensors is aust for urbanwarfare. The degree ofcoupling of theseexternaland internal
sources and the amount of filtering and state vectors in these filters all play a role in determianwiridiey of the
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resultant hybridsystem.Hybrid navigation system technology is how a common topic at international navigation
conferencesandthe theoryandpractice ofKalman filters is well known throughout the worlit.is possible to
procuresimulators from avide range ofcommercial sourcesand the algorithmsare published in textbooks and
journals. Use of multi-MEMS INS willprovide greater accuracysurvivability, and fault tolerance for an
autonomous military capability.
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Figure 16.1-3. INS Technology Transition Trends '

Gyro astro-tracking devices could enhanesigationaccuracy, wheréerrain andgravity datafor geo-mapping
may be difficult to obtain frontertainareas andvhen GPS is unavailable. laddition, position errors increase for
high altitude and spaceapplications. An alternativapproach toautonomous navigation utilizes an INS platform
tightly coupled with a statracker to boundhe positionerror. Star-tracking-aidedNS is particularly applicable to
high-altitudeand spaceapplications. For example, a 1-nm/hr INBrrected bymeans of Kalman filtering with
continuous star fix information can limit the position error on the order of 30 m. The tracker pointing errors, gravity
compensation errorsand accelerometeiinstabilities are the dominanterror sources. Toachievethis position
accuracy, trackemeasurementandgravity and accelerometecompensationseed to beaccurate toapproximately
1.0 arcsec each. Theszccuracies aravailable today at veriiigh cost. Use ohew technologytrackersutilizing
electro-formedoptics on nickel bases with micro-precision sereoays, as well agmproved processors, gravity

! Excludes ship/submarine INS technology evolution because of its unique performance requirements.
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compensationsand future generation strapdowinertial instruments, should significantheducecost, size, and
weight.

WORLDWIDE TECHNOLOGY ASSESSMENT

The technology gap between the United States and other nations is rapidly clositmit€d&tatesleads the
world in most inertial technology and is progressively improving inatieas of accuracyalignment, size, weight,
reliability, cost, and integration with digital processing technology. However, France, Israel, UK, China, Japan, and
Russiaarerapidly closing the gap. Russiand the Chinahave producedconventional inertiaproductsand have
initial production capability inRLGs and FOGs. Russia hasevelopedsome flexure rotor and magnetically
suspended gyroscopes, and the quality of these gyroscopes appears to be withaVgastern equipmenBecause
tuned-rotor gyroscopes are inexpensive and saitable for aspace reentry guidanegplication, the acquisition of
this type of technology haanhancedjyroscopic capability in maneuvering UAVs. Natiahsveloping an inertial
capability include Australia, Brazil,China, India, Israel,ltaly, Sweden,South Africa, and Norway. Their major
obstacles are access to a market of sufficient size to justify the development costs and the capital eqgiignient
high-volume production. The increasing use of inertial sensors in very high volume, nontraditional markets, such as
automotive and smart shells, has the potential to tilt this paradigm dramatically.

Hybrid Inertial

Inertial Navigation
Navigation Systems Gyro Astro
System (including Tracking Inertial
Country (INS) GNSS) Systems Sensors
Australia oo b oo oo
Austria ® hd b
Brazil oo ° °
Canada [ XX ] (XXX J [ XX ] [ XX J
China [ XX ] [ XX ] [ XX ] [ XX J
Czech Republic ° ° b
Finland ° hd b
France (X X X ] o000 (X X X ] (X X X ]
Germany (XXX J (XXX J (XXX J (XXX ]
Hungary ° ° ®
India [ XX ] [ XX ] [ X J (X J
|Srae| (X X X ] [ X X ] [ X X ] [ X X ]
|ta.|y (X X X ] [ X X ] [ X ] [ X J
‘]apan [ X X ] o000 [ X X ] [ X X ]
Netherlands oo oee eee oo
Poland ® ° o
Romania ® ° ®
Russia (X X X ] 0000 (X X X ] (X X X ]
Slovak Republic ° hd b
South Africa b eoe eeeo
South Korea oo oo oo
Spain oo (X} oo
Sweden [ X J [ X J (X J
Switzerland eee oo eee oo
Taiwan [ X ] [ X ] [ X J
UK (X X X ] [ X X ] [ X X ] [ X X ]
Ukraine (XXX J (XXX J (XXX J [ X X J
United States (XXX J (XXX J (XXX J (XXX ]
Legend: Extensive R&D  ®®°®® Significant R&D  ®®® Moderate R&D ®©® Limited R&D ®

Figure 16.1-4. INS and Related Components WTA Summary
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DATA SHEET I111-16.1. INERTIAL NAVIGATION SYSTEMS

Developing Critical .
Technology Parameter In next 5 to 10 years:

For aircraft, vehicle, or spacecraft for attitude, guidance, and control—navigation
error < 0.2 nmi/hr 90% CEP.

For ships—navigation error of < 1.0 nmi in 30 hrs.
For missiles—navigation error of < 0.8 nmi/hr.

Or specified to function at linear acceleration > 10 g on any platform. In addition,
developing technology will be lighter and cheaper.

Critical Materials None identified.

Unique Test, Production, Components require specially designed test, calibration, or alignment equipment. Ships
Inspection Equipment . .
motion simulator.

Unique Software Algorithms and verified data needed to exceed militarily critical parameters.
INS alignment time for moving platform and transfer alignment techniques.

Algorithms for gyro compensation, Kalman filter implementations, and sensor data
processing.

Technical Issues INS is the only self-contained, nonradiating, nonjammable, autonomous navigation
technology.

Alignment time versus accuracy.
High latitude initialization problems.

INS performance can be significantly improved by sequentially changing the gimbal

orientation.
X‘S&)‘I’irc;‘i’é?]g‘emia' Aviation, ships, spacecraft.
Affordability Miniaturization and larger volume markets will significantly reduce costs.
Accuracy is a cost driver.
RATIONALE

An INS is a self-contained, covert system thadvidescontinuous estimates of some or all components of a
vehicle state, such amosition, velocity,acceleration, attitude, angular raéed often guidance orsteeringinputs.
The current major obstacle of more universal INS use is its loss of accuracy over time and high cost. These obstacles
are being reduced oreliminated by moreaccurategyroscopeand accelerometesensors, as well aadvances in
computer technology (memogndthroughput),power quality, andelectronics. Military applicationenclude both
strategic and tactical systems: missiles, AUVs, manned aircraft, satellites, aircraft carriers, subsnaianeships,
and land warfare.Targeting, surveillanceand C3 systems require high navigation accuracy capability. For
submarines increased INS performamd result in increaseccovertness, thereby increasingssion effectiveness.
Most current INS use optical gyroscopes: RLGs or FOGs. The move fropidiére mechanical technologies has
been driven bythe commerciabnd military marketdemandingower weight, lower powerand smaller size with
improvements in reliability. Tuned rotor gyros, however, continue to be impranedhe size isdecreasinglLand
navigation that uses many of tbiler technologies is still viable, usingybridizationwith GPS. Over the next
5-10 years, RLG and FOG INS technology will continue to improve its free inpetifdrmancefrom 1.0 nmph to
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less than 0.1 nmph, while decreasing costs. Future trends toward using MEMS sensors will continue to significantly
decrease the cost of this technology.

Military applications of this technology will enhance the following:
e Vehicle, aircraft, spacecraft, ship, and submarine navigation
e Weather balloon navigation
e AUV navigation
« Air vehicle heading, attitude, and angle of attack
e Accurate velocity for weapon release/targeting
» Search and rescue
*  Nuclear reset
e  Situation awareness.

This technology supports the Joint Vision 2010 precigingagement by providinigoth delivery application
and low-observable technology. This technology also supports the Joint Warfighting Science and Technology (S&T)
Plan for precision force. The use of INS during GPS jamnaindforloss andits all-weathercapability will enable
rapid target searchand acquisition, battlecoordination and target selectionand handoff andengagement for
prosecution of time-critical targets. addition,this technology supports thidavy plan for aprecise navigation
system as a backup to GPS or as a successor system once the GPS technology becomes obsolete.

There are no special requirements (such as a cooperative agreement)f@. tB@vernment to gaimccess to
this technology. This technology should be continuously monitoeeduse ofhe substantial margin of capability
added that is critical to continued U.S. superiority.

WORLDWIDE TECHNOLOGY ASSESSMENT

Australia ee Brazil ee Canada eee China eee
France ecoe Germany eecoe India eeeo Israel oee
Italy oo Japan oo Norway oo Russia oee
Slovak Republic ® South Africa ee South Korea ee Spain o
Sweden ee Switzerland ee Taiwan eeoe UK oee
Ukraine eee United States eeee

Legend: Extensive R&D  ®®°®® Significant R&RD  ®®® Moderate R&D ®® Limited R&D ®

The technology gap between the Unitgthtes,Canadaandthe UK andother nations igapidly closing. The
United States leads the world in most inertial technologiekis progressively improving in thareas of accuracy,
alignment, size, weight, reliability, cosandintegration with digital processing technologjowever, France,
Israel, UK, Germany, China, Japaand Russia are rapidly improving. Russiaand the Chinahave produced
conventional inertial systemand have full production capability. Both countriedave sponsored international
symposia. Nations thatredeveloping an inertial capabilitinclude Australia, Brazil,China, India, Israel,ltaly,
Sweden,South Africa, andNorway. Their major obstacleme access to market of sufficient size to justify the
development costs and the capital equipment costs for high-volume production.
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The following organizations have active research programs:

United States

— Astronautics (Kearfott)
— Crossbow Technologies
— Honeywell

— Lockheed Martin

— Smith Industries

Brazil

— Embraer

Israel

— Elbit Systems
Germany

— Daimler Chrysler Aerospace
France

— Aerospatiale Matra
— SNECMA

UK

— British Aerospace
Japan

— Mitsubishi Industries

Italy
— Piaggio Aero Industries

— Boeing
-Draper Labs
— Litton
— Northrop Grumman

— LITEF

— Airbus Industries

—Smith Industries
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DATA SHEET Il1-16.1. HYBRID INERTIAL NAVIGATION SYSTEMS
(INCLUDING GNSS)

Developing Critical ]
Technology Parameter In next 5 to 10 years:

For aircraft, vehicle, ship, missile or spacecraft—navigation error < 1 m 50%
spherical error probable (SEP) in position,

Or specified to function at linear acceleration > 10 g on any platform. In addition,
developing technology will be lighter and less expensive.

Critical Materials None identified.

Unique Test, Production, None identified
Inspection Equipment ’

Unique Software Algorithms and verified data needed to exceed militarily critical parameters.
Source code for combining INS with Doppler, GNSS, or DBRN.

INS initial alignment software for moving platform, transfer align techniques, and
reference to geoid.

Technical Issues Use of Doppler, acoustic (bathymetric), stellar, gravity sensing, or terrain data from
data bases to improve GNSS/INS beyond uncompensated control level. Except for
Doppler and acoustic, these methods are self-contained, nonradiating, and
nonjammable.

Major Commercial Aviation, ships, spacecraft, and land vehicles.
Applications
Affordability Accuracy and autonomy are the key drivers. Reduced processor costs and memory will
significantly reduce costs.
RATIONALE

Hybrid INS/GNSS systems combine the bdshatures of differentnavigation systems tgrovide an
autonomous, covergndnonjammable system that wilbcate ourforces andwhenusedwith other technologies,
can locate enemiroopsandtargets. Insurfaceandabove-surfacepplications, the INS outputsan beoptimally
combined with GPS to produce a smooth, blended output, and if GPS is lost (or jammed), then the pixsluwel
a seamless navigation output. In this latter case increased INS performance will result inaacoratenavigation
solution after loss of GPS. GPS by itself does not provide a north direction unless the sensor is Thergfage,
a northreferencefrom a gyrocompass, an INS, or a simple magnetic compasseded.Using multiple GPS
antennasadequately spaced onraid body, will provide position information whichcan be used talerive an
estimate of geographical heading. Future technology advances in electronic miniaturization, asatellitasbased
telecommunication systems using trilateration timing signals, will resulirther combination of navigation and
communications functions. “Seamless” navigation systems usibgd sensorare amust for urbanwarfare. The
degree of coupling of these external and internal sources and the amount of fitelitgte vectors in these filters
all play a role in determining thaccuracy ofthe resultantybrid system.Hybrid navigation system technology is
now a common topic at international navigatmnferencesandthe theoryandpractice ofKalman filters,modern
control theory, and other alternative estimation techniques are well known throughout theSimauldtors from a
wide range of commercial sources are available, and the algorithms are published in textbooks anddvanced.
alternative techniques to Kalmdilters areroutinely presented ainternational symposiand in the international
academic community. There dittle remainingeffective control measurebecause ofhe widespreaddissemination
of this knowledge. Use of multi-MEMS INS wifirovide greater accuracgurvivability, andfault tolerance for an
autonomous military capability.
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This technology supports the Joint Vision 2010 precigingagement by providinigoth delivery application
and low-observable technology. This technology also supports the Joint Warfighting Science and Technology (S&T)
Plan for precision force. The use of INS during GPS jamnaindforloss andits all-weathercapability will enable
rapid target searchand acquisition, battlecoordinationand target selectionand handoff andengagement for
prosecution of time-critical targets. addition,this technology supports thidavy plan for aprecise navigation
system as a backup to GPS or as a successor system once the GPS technology becomes obsolete.

Military applications of this technology will enhance the following:

« Supply location systems « Minefield positioning

» Spacecraft navigation « Search and rescue

« Parachute insertion « Weather balloon navigation

 Air vehicle attitude and angle of attack « Inertial navigator reset and mapping
 Battlefield targeting « System integration of sensors

» Helicopter hover positioning « Pseudolite positioning system

« Gravity measuring system « Position reporting for high-value assets

« HF communications frequency management « AUV navigation

« Encryption/decryption « Artillery smart round

« DGPS « Differential GPS for heading
« Ship cargo management * Nuclear reset

 Situation awareness » Construction

There are no special requirements for the U.S. Government taagegss tahis technology. Thigechnology
should be continuously monitored because of the substantial margin of caabiditkhat is critical tocontinued
U.S. superiority.

WORLDWIDE TECHNOLOGY ASSESSMENT

Australia oo Brazil o Canada eoe China oo
France ecoe Germany eecoe India eeeo Israel oee
Italy oo Japan oo Norway oo Russia oee
South Africa oo South Korea oo Spain oo Sweden oo
Switzerland oo Taiwan oo UK oo Ukraine oee
United States eoee

Legend: Extensive R&D  ®®°®° Significant R&RD  ®®® Moderate R&D ®® Limited R&D ®

Hybrid INS technology is being carried out throughout the industrialized world. At the present tinumitdoe
States, France, and Germany appear to be the leaders.

The following organizations have active research programs:

« United States

— Astronautics — Boeing

— Crossbow Technologies — Galaxy Scientific Corporation
— Honeywell — Litton

— Lockheed Martin — Northrop Grumman

— Smith Industries
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Brazil
— Embraer

Israel

— Elbit Systems
Germany

— Daimler Chrysler Aerospace
France

— Aerospatiale Matra
— SNECMA

UK

— British Aerospace
Japan

— Mitsubishi Industries

Italy
— Liral

— LITEF

Airbus Industries

—Smith Industries

-16-22

Piaggio Aero Industries



DATA SHEET 111-16.1. GYRO ASTRO-TRACKING INERTIAL
NAVIGATION SYSTEMS

Developing Critical ]
Technology Parameter In next 5 to 10 years:

Navigation error < 0.1 nmph 50% CEP;
Azimuth accuracy < 50 arc seconds;

Or specified to function at linear acceleration > 10 g on any platform. In addition,
developing technology will be lighter and less expensive.

Critical Materials None identified.

Unique Test, Production, ; : . . . . .
Inspection Equipment Components require specially designed test, calibration, or alignment equipment.
Unique Software Algorithms and verified data needed to exceed militarily critical parameters.

e IrEE [EsrEs Alignment or start-up time versus accuracy.

Large size, high weight, and high cost restrict applications to high valued platforms.

Major Commercial Spacecraft stabilization and basic geodetic research.

Applications

Affordability Miniaturization and larger volume markets will significantly reduce costs.
RATIONALE

Gyro astro-trackingystems improvemente critical to improving covert accuracy andeducingcost. The
military applications include both strategic and tactical systems: missiles, Audfmed aircraftsatellites,aircraft
carriers, and surfacghips. Targetingsurveillance.and C3systemsrequirehigh navigationaccuracyMany current
astrotrackersuse optical gyroscopes such as RieG. RLG andINS technology will continue to improvgyro
astrotracker performancerhile decreasingosts. Futurdrends towardising MEMS sensorsdvancedoptics, and
infrared sensors will continue to decrease the cost and increase the application of this technology.

Joint Vision 2010identifies this technologybecause itsupports precisiorengagement by providingpoth
delivery applicationandlow-observable (covertechnology. The Joint Warfightin§&T Plan also supportthis
technology for precision force. Its ugaring GPS jamming or losandits all-weathercapability will enablerapid
target search and acquisition, battle coordination and target selestibhandoff anéngagement for prosecution of
time-critical targets.

There are no special requirements for the U.S. Government taagegss tahis technology. Thigechnology
should be continuously monitored because of the substantial margin of caabiditkhat is critical tocontinued
U.S. superiority.

WORLDWIDE TECHNOLOGY ASSESSMENT

Australia ° Brazil b Canada oo China oo
Denmark eee France oo Germany eeeo India oo
Israel b Italy oo Japan oo Netherlands o
Russia oee Switzerland b UK oo Ukraine ®
United States oo

Legend: Extensive R&D  ®®°®® Significant R&D  ®®® Moderate R&D ®® Limited R&D ®
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A space-based stellar compass has been developed at the Technical University of Denmark. This stellar compass
with a low mass, lowpowerconsumptionandfully autonomous operation, providing a highcuracy quaternion
output andlow-cost implementationiepresents aadvance inthe art of star trackers. The stellar compass shows
promise for both governmeandcommercial use iboth costandweight can besignificantly reduced.Obtaining
space-qualified hardware that will be needed for future warfighting requirements is one of the objectivétaey'the
Space S&T Councfl.

Russiaand China have producedconventional astro trackers. Their major obstaalesaccess to market of
sufficient size to justify the development costs and the capital equipment costs for high-volume production.

Gyro astro tracking inertial navigation technology is limitsetause ofts costsand limited commercial
applications. At the present time the United States, Russia, Denmark, and Germany appear to be the leaders.

The following organizations have active research programs:
* United States
— Astronautics (Kearfott) —Litton
— Northrop-Grumman — U.S. Naval Observatory
» Denmark
— University of Denmark
* Russia

— Astro-IKI — Kuznetsov Research Institute for
Applied Mechanics

2

Space Newsletter No 2: Orsted Stellar Comp@&déice of Naval Research Newsletter, European Office.

1-16-24



DATA SHEET III-16.1. RING LASER GYROSCOPES (RLG)

Developing Critical .
Technology Parameter In next 5 to 10 years:
Drift rate stability of < 0.005 deg/hr for < 10 g, or

Drift rate stability of < 25 deg/hr for 10 to 100 g, or

Specified to function at linear acceleration levels > 100 g on any platform. In addition,
developing technology will be lighter and less expensive.

Critical Materials None identified.

Unique Test, Production, ; . . . . . -
Inspection Equipment Components require specially designed test, calibration, or alignment equipment.

Unique Software Algorithms and verified data needed to exceed militarily critical parameters.

Error compensation for environmental effects and technology characteristics.

Technical Issues Alignment time versus accuracy.
High costs for initial national capability.
Dynamic range up to 400 deg/sec.

Lock-in problem at very low turn rates. Requires compensation capability or alternative
designs.

Surface finish of mirror is a major error source.

Major Commercial Aviation, ships, spacecraft, and land vehicles.

Applications

Affordability Miniaturization and larger volume markets will significantly reduce costs.
RATIONALE

An INS is a self-contained, covert system thadvidescontinuous estimates of some or all components of a
vehicle state, such amosition, velocity,acceleration, attitude, angular raéed often guidance orsteeringinputs.
RLG inertial sensor improvemengse critical to improvingaccuracy andeducingcost. The military applications
include both strategic and tactical systems: missiles, Al\&)ned aircraftsatellites,aircraft carrierssubmarines,
surfaceships, andland warfare Targeting, surveillanceand C3 systemsrequire high navigationaccuracy. Many
current INS use optical gyroscopes such as the RD8ear the next 5-10 years, RLG technology will continue to
improve free inertial sensor performance from 1.0 nmph to less than 0.1 nmphdednédasingosts. Applications
include single-axis and multi-axis (cube) sensors.

Joint Vision 2010 supports this technoloigy precision engagement by providibgth delivery application
and low observable technology. The Joint Warfighting S&T Plan also supports this techioolpggcisionforce.
Its useduring GPS jamming or losandits all-weathercapability will enablerapid target searchand acquisition,
battle coordination and target selection, and handoff and engagement for prosecution of time-critical targets.

There are no special requirements for the U.S. Government taageéss tahis technology. Thigechnology
should be continuously monitored because of the substantial margin of caabiditkhat is critical tocontinued
U.S. superiority.
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WORLDWIDE TECHNOLOGY ASSESSMENT

Australia oo Canada oo China oo France eoe
Germany eee India o Israel oo Italy oo
Japan oeoe Netherlands oo Russia oo South Africa oo
South Korea ee Taiwan ee UK eee Ukraine eeoe
United States eoee

Legend: Extensive R&D  ®®°®® Significant R&D  ®®® Moderate R&D ®® Limited R&D ®

The technology gap between the United States and other nations is rapidly clositmiteti&tatesleads the
world in most inertial technology and is progressively improving inateas of accuracgize, weight, reliability,
cost, andintegration of RLG inertial sensorslowever, France, IsradK, China, Japanand Russiaare rapidly
closing the gap. Russia and China have produced conventional inertial systems and hapeothiiisibn capability
in RLG. Nations thatredeveloping an inertial sensor capabilibclude Australia, Brazil,China, Japanindia,
Israel, Italy, SwederSouth Africa, andNorway. Their major obstacleme access to market of sufficient size to
justify the developmentostsandthe capital equipmentosts for high-volume production. The increasing use of
inertial sensors in very high volume, nontraditional markets, such as autorantisenart shells, has the potential
to tilt this paradigm dramatically.

The following organizations have active research programs in RLG technology:
* United States

— Astronautics (Kearfott) — Boeing
— Honeywell — Litton
— Lockheed Martin — Northrop-Grumman

Smith Industries

e Brazil
— Embraer
e Israel

— Elbit Systems

« Germany

— Daimler Chrysler Aerospace — LITEF
* France
— Aerospatiale Matra — Airbus Industries
- SFIM
« UK
— British Aerospace —Smith Industries
« Japan
— Hitachi — Mitsubishi Industries
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DATA SHEET I11-16.1. FIBER-OPTIC GYROSCOPES (FOG)

Developing Critical .
Technology Parameter In next5 to10 years:
Drift rate stability of < 0.01 deg/hr for < 10 g, or

Drift rate stability of < 0.25 deg/hr for 10 to 100 g, or

Specified to function at acceleration levels > 100 g on any platform. In addition,
developing technology will be lighter and less expensive.

Critical Materials None identified.

Unique Test, Production, ; . . . . . -
Inspection Equipment Components require specially designed test, calibration, or alignment equipment.

Unique Software Algorithms and verified data needed to exceed militarily critical parameters. Error
compensation for environmental effects and technology characteristics.

Technical Issues Reduce environmental sensitivities. Reduce or eliminate dead band at zero input rates.
Alignment time versus accuracy.

Reliance on commercial optical fiber industry for high-quality fiber.
Fiber-winding technology.

Optimum sensor for low-cost hybridization with other sensors such as GPS integrated

optics.
Major Commercial Aviation, ships, spacecraft, and land vehicles.
Applications
Affordability Miniaturization and larger volume markets will significantly reduce costs.
RATIONALE

An INS is a self-contained, covert system thadvidescontinuous estimates of some or all components of a
vehicle state, such amosition, velocity,acceleration, attitude, angular raéed often guidance orsteeringinputs.
FOG inertial sensor improvemerdse critical to improvingaccuracy andeducingcost. The military applications
include both strategic and tactical systems: missiles, Al\&)ned aircraftsatellites,aircraft carrierssubmarines,
surfaceships, andland warfare.Targeting, surveillanceand C3 systemsrequire high navigationaccuracy.Most
current INS use RLGs. INS with FOG are significantly lower in cost than Ra@bargust now beingntroduced
in military applications requiring less accuracy than RLGs. In the next 5-10 fiearsyer, FOG INS technology
will continue to improve INSerformancdrom 2.0 nmph to less thah4 nmph, while decreasingosts. Further
accuracy improvement requires a better gravity model for INS with FOG sensors.

The Joint Vision 2010 supports this technoldgy precision engagement by providiragcurate delivery
application. The Joint Warfighting S&T Plan also supports this techndérgyrecision force. Inertial sensor use
during GPS jamming or losandits all-weathercapability will enablerapid target searchand acquisition, battle
coordination and target selection, and handoff and engagement for prosecution of time-critical targets. The Navy plan
identifies miniature navigation systems as a key technology that will enable rapid target search and acquisition, battle
coordination and target selection, and handoff and engagement for prosecution of time-critical targets.

There are no special requirements for the U.S. Government taagegss tahis technology. Thigechnology
should be continuously monitored because of the substantial margin of caabiditkhat is critical tocontinued
U.S. superiority.
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WORLDWIDE TECHNOLOGY ASSESSMENT

Australia b Brazil o Canada o China oo
France oo Germany oo Israel o Japan oee
Netherlands oo Russia eee South Africa ® South Korea °
Sweden ® Switzerland o Taiwan ° UK ®
Ukraine oo United States eoee

Legend: Extensive R&D  ®®°®® Significant R&D  ®®® Moderate R&D ®® Limited R&D ®

The technology gap between the United States and other nations is rapidly clositmiteti&tatesleads the
world in most inertial technology and is progressively improving inateas of accuracgize, weight, reliability,
cost, andintegration of FOG inertial sensoidowever, France, IsradK, China, Japanand Russiaare rapidly
closing the gap. Russia and China have produced conventional inertial systems and hapeothiiisibn capability
in FOG. Nations that are developing an inertial sensor capability include Australia, Brazil, China, India, Israel, Italy,
Sweden,South Africa, andNorway. Their major obstaclese access to market of sufficient size to justify the
development costs and the capital equipnoests for high-volume production. The increasing use of inertial FOG
inertial sensors in very high volume, nontraditional markets, such as autorantisenart shells, has the potential
to tilt this paradigm dramatically.

The following organizations have active research programs:
* United States

— Astronautics (Kearfott) — Boeing
— Crossbow — Fibersense Technology Corp.
— Honeywell — KVH Industries
— Litton — Lockheed Martin
— Northrop-Grumman — Smith Industries
* lIsrael

— Elbit Systems
« Germany

— Deutschland GmbH — LITEF
* France

— Aerospatiale Matra — Airbus Industries

— SFIM Industries and Photonetics
(consortium)

« UK

— British Aerospace —Smith Industries
« Japan

— Hitachi — Mitsubishi Industries
« China

— Kwangwoon University
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DATA SHEET 11I-16.1. MICROELETROMECHANICAL SYSTEMS (MEMS)
GYROSCOPES AND ACCELEROMETERS

e Il e | Innex(5 010 years
Gyroscope:

Drift rate stability of < 0.05 deg/hr for < 10 g, or

Drift rate stability of < 0.5 deg/hr for 10 to 100 g, or

Specified to function at linear acceleration levels > 100 g on any platform.
Accelerometer:

Bias stability of 400 pg, or

Scale factor stability of 300 ppm.

Critical Materials None identified.
Unique Test, Production, Components require specially designed manufacturing test, calibration, or alignment
Inspection Equipment .
equipment.
Unique Software Algorithms and verified data needed to exceed militarily critical parameters. Error

compensation for environmental effects and technology characteristics.

Technical Issues With respect to frequency stability, as the dimensions get smaller, the noise gets
worse. Orthogonality of sensors requires compensation due to miniaturization
(mechanical limits).

Inherently capable of operation in extreme high g environment (artillery).

Quantum noise and frequency measurement.

Major Commercial Aviation, ships, spacecraft, and land vehicles.
Applications
Affordability Miniaturization will increase application of this technology. Larger volume markets will

significantly reduce costs.

RATIONALE

An INS is a self-contained, covert system thadvidescontinuous estimates of some or all components of a
vehicle state, such gmsition, velocity,acceleration, attitude, angular raé@d often guidance orsteeringinputs.
The current major obstacle of more universal INS use is its loss of accuradynmand high cost.Improvements
of MEMS gyroscopesind accelerometers awitical to improvingaccuracy andeducingcost. The combination of
size, weight, power, and cost requirements are driving the developmeiEME technology. Military applications
in the next 5 to 1@ears includéboth strategi@ndtactical systems: missiles, UAVananned aircraftsatellites,
aircraft carrierssubmarinessurfaceships, andland warfare Targeting, surveillanceand C3 systemsrequire high
navigationaccuracy.Most currentINS use optical gyroscopes such as RLGF@Gs. MEMS gyroscope and
accelerometer technology could continue to imprivge inertial sensoperformanceover the nex6—10years from
10 nmph to lesshan 3.0 nmph, whiledecreasingosts, ifquantum noiseand frequencymeasuremenissues are
resolved. Future trends toward using NEMS sensors will continue to decrease the cost of these sensors. Applications
include single-axis and multi-axis (cube) sensors.

Joint Vision 2010 supports this technolodgr precision engagement by providirgccurate delivery
application more affordably. The Joint Warfighting S&T Plan also supportsahisrecision forceMEMS sensor
use during GPS jamming or loss and its all-weather capabilityendblerapid targetsearchandacquisition, battle
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coordination and target selection, and handoff and engagement for prosecution of time-critical targets. The Navy plan
identifies miniature navigation systems as key technology thatewdblerapid targetsearchand acquisition, battle
coordination and target selection, and handoff and engagement for prosecution of time-critical targets.

Point ResearchCorporation, a U.S. compankas developed a dead-reckonisystem for theLand Warrior
using a triad of magneto-resistive magnetometers for heading determiaadi@iriad of MEMS accelerometers for
tilt compensation of the magnetometarsl footstep detectionrBecause ofts sizeandcostreductions ovecurrent
INS, the system alsoould be used as tarminal guidancesystem for smartunitions (i.e., mortarand artillery
shells).

Continued research is needed to resolvadbiee of noise measurement. The following Keyelopmentreas
should be pursued.

« Develop resonators of temperature-compensated materials
e Measure quantum noise vs. frequency to determine scaling laws
e Measure nonlinear effects (drive level sensitivity, acceleration sensitivity, and thermal transient effect)

e Measurenoise vs. heliunandhydrocarborpressuregto measure effects on temperatdhectuation noise,
Johnson noise, and adsorption-desorption noise).

There are no special requirements for the U.S. Government toagediss tahis technology. Thigechnology
should be continuously monitored because of the substantial margin of caabiditkhat is critical tocontinued
U.S. superiority.

WORLDWIDE TECHNOLOGY ASSESSMENT

Canada oo China oo France oo Germany eeoe
India ® Israel oo Italy o Japan oee
Netherlands oo Norway o Russia oo South Africa ®
South Korea b Spain oo Sweden oo Switzerland oo
Taiwan ee UK eoe Ukraine o United States eoee
Legend: Extensive R&D  ®®°®® Significant R&D  ®®® Moderate R&D ®® Limited R&D ®

The United Statesleadsthe world in MEMS technologyand is progressively improving in theareas of
accuracysize, weight, reliability, costandintegration of this technologyHowever, France, GermanyK, and
Japanarerapidly closing the gap. Thparadigmthat highdevelopmentnd productioncost of new technology in
itself limits accessibility has the potential dfamatically changin@pecause oMEMS technology’s significantly
lower productioncosts. MEMS technology has thgreatest potential of openinthis INS capability to
nontraditional marketandnations. Thisfield is receivingextensive support from the commercaid automotive
industries.

The following organizations have active research programs:
* United States

— Advanced Micro Machines, Inc. — Analog Devices Incorporated
— Astronautics (Kearfott) — Crossbow Technologies

— DARPA — Draper Labs

— Honeywell — IntelliSense Corporation

— Litton

« Denmark
— Mikroelecktronik Centret — Technical University of Denmark
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Germany

— Fraunhofer Institute HSG-IMIT

— LITEF GmbH
UK

— Encoder Technology —Surface Technology Systems
Spain

— Centro Nacimal de Microelectronica

Sweden
— Volvo Car Corporation

Japan

— Hitachi — Nippondenso

— Nissan

France

— CEA-LETI — SAGEM

— Sextant Avionique — SGS-Thompson

- TIMA — University of Bordeaux
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DATA SHEET I11-16.1. ACCELEROMETERS OTHER THAN
MICRO-MACHINED DEVICES

Developing Critical -
Technology Parameter In next 5 to 10 years:
Bias stability of < 100 g, or

Scale factor stability of < 80 ppm, or

Specified to function at linear acceleration levels > 100 g on any platform. In addition,
developing technology will be lighter and less expensive by factor of 10.

Critical Materials None identified.

Unique Test, Production, Specially designed test, calibration, or alignment equipment; accelerometer axis align
Inspection Equipment . . - . .
stations; ion milling; Plaza Arc; electronic sputtering.

Unique Software Algorithms and verified data needed to exceed militarily critical parameters.

Error compensation for environmental effects and technology characteristics.

Technical Issues Orthogonality of sensors requires compensation due to miniaturization.

Inherently capable of operation in extreme high g environment (artillery).

Major Commercial Aviation, ships, spacecraft, and land vehicles.

Applications

Affordability Miniaturization and larger volume markets will significantly reduce costs.
RATIONALE

This technology is a major component of an INS that iselicontained, coversystem thatprovides
continuous estimates of some or all components of a vehicle state, such as position, aetmdyation, attitude,
angular rate, and often guidance or steering inputs. The current major obstacle of more universal INS loses is
of accuracy over time and higlost. Improvements iaccelerometersther thanmicro-machined devices aceitical
to improve accuracy and reduce cost. The military applicatimhsde both strategi@ndtactical systems: missiles,

AUVs, manned aircraftsatellites,aircraft carrierssubmarinessurfaceships, andland warfare.Targeting, surveil-
lance, and C3 systems require high navigation accuracy. Future trends toward using MEMS sensors will continue to
decrease the cost of this technology.

Joint Vision 2010 supports this technolofpr precision engagement by providilgth accurate delivery
applicationand low-observabletechnology. The Joint Warfighting&T Plan also supports this technology for
precision force. Its use during GPS jamming or loss and its all-weather capabilignalillerapid targetsearch and
acquisition, battlecoordinationand target selectionand handoff and&engagement for prosecution of time-critical
targets. The S&T plan also identifies miniature navigatigstems as key technology that wethablerapid target
search and acquisition, battle coordination and target seleatidnhandoff anéngagement for prosecution of time-
critical targets.

There are no special requirements for the U.S. Government tcaged@iss tahis technology. Thigechnology
should be continuously monitored because of the substantial margin of caabiditkhat is critical tocontinued
U.S. superiority.
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WORLDWIDE TECHNOLOGY ASSESSMENT

Australia oo Brazil o Canada oo China oo
France oo Germany oo India oo Israel oee
Italy oo Japan oo Norway oo Russia b
Slovak Republic ® South Africa oo Sweden oo Switzerland ®
UK oo Ukraine o United States oo

Legend: Extensive R&D  ®®°®® Significant R&D  ®®® Moderate R&D ®® Limited R&D ®

The United States leads thrld in this technologyand isprogressively improving in thareas of accuracy,
size, weight, reliability, cost, and integration of inertial sensors. However, France, Germany, Israel, UK, China, and
Japan are rapidly closing the gap. Nations that are developing this inertial sensor capahbiie/Australia, Brazil,
India, Italy, SwedenSouth Africa, Russia,andNorway. Their major obstacleme access to market of sufficient
size to justify thedevelopmentcostsandthe capital equipmentosts for high-volume production. The use of
accelerometers other than micro-machined devices in higly volume, nontraditional markets, such as automotive
andsmart shells, has the potential to tilt tipigradigm dramatically. However, it appe#hrat the automotive and
munitions market will bypass improvements in this area and drive the technology to MEMS and NEMS.

The following organizations have active research programs:

*+ United States
— Honeywell — Litton

e UK
— Encoder Technology
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DATA SHEET I11-16.1. NANOELECTROMECHANICAL SYSTEMS
(NEMS) ACCELEROMETERS

Developing Critical ]
Technology Parameter In next 10 to 20 years:

Bias stability of < 200 g, or
Scale factor stability of <200 ppm, or

Specified to function at linear acceleration levels > 100 g on any platform. In addition,
developing technology will be lighter and less expensive by factor of 10.

Critical Materials None identified.
Unique Test, Production, Specially designed test, calibration, or alignment equipment; accelerometer axis align
Inspection Equipment .
stations.
Unique Software Algorithms and verified data needed to exceed militarily critical parameters

Error compensation for environmental effects and technology characteristics

Technical Issues Size reduction limited by proof mass of sensor. With respect to frequency stability, as
the dimensions get smaller, the noise gets worse. Orthogonality of sensors requires
compensation due to miniaturization. Inherently capable of operation in extreme high g
environment (artillery).

Quantum noise and frequency measurement.

Major Commercial Aviation, ships, spacecraft, and land vehicles.

Applications

Affordability Miniaturization and larger volume markets will significantly reduce costs.
RATIONALE

This technology has the potential of providing a significaduction inthe cost of an INS. INS is self-
contained, covert system thatovidescontinuous estimates of some or all components of a vehicle state, such as
position, velocity,acceleration, attitude, angular raged often guidance orsteering inputs This technology is
currently in its embryonic stage, with limited R&D investments. Over the next 10-20 years, hatesebspment
of NEMS accelerometerhas the greatest potential to bring INS technology towildest military applications,
providing autonomous navigation at significantbgducedcost. The military applicationarethe same as those for
current INS: strategic and tactical systems—missiles, AUVs, manned aircraft, sagstiiradt carrierssubmarines,
surfaceships, andland warfare. Additionalisages may be possilbecause oNEMS’ significantly lower cost for
increased battlefield situational awareness, small munitions, artillery shells, mortars, and miniature AUVs.

Joint Vision 2010 supports this technolofyyr precision engagement, by providing batbcurate delivery
applicationandlow-observable technology moedfordably. The Joint WarfightingS&T Plan also supportthis
technology for precision force. Its udering GPS jamming or losandits all-weathercapability will enablerapid
target search and acquisition, battle coordination and target selesttbhandoff anéngagement for prosecution of
time-critical targets. The S&T plan identifies miniature navigation systems as key technology trexiabiérapid
target search and acquisition, battle coordinationtarget selectionand handoff anéngagement for prosecution of
time-critical targets.

There are no special requirements for the U.S. Government taageagss tahis technology. Thigechnology
should be continuously monitored because of the substantial margin of cagmbiitthat is critical tocontinued
U.S. superiority.
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Continued researcheeds toresolve the issue of quantum noissues. The following kedevelopmentreas
should be pursued.

» Develop resonators of temperature-compensated materials
e Measure quantum noise vs. frequency to determine scaling laws
* Measure nonlinear effects (drive level sensitivity, acceleration sensitivity, and thermal transient effect)

e Measure noises. heliumandhydrocarborpressuregto measure effects on temperatfitectuation noise,
Johnson noise, and adsorption-desorption noise).

WORLDWIDE TECHNOLOGY ASSESSMENT

Denmark ® Germany ® Japan ® UK ®
United States ®

Legend: Extensive R&D  ®®°®® Significant R&D  ®®*® Moderate R&D ®® Limited R&D ©®

This technology is in its embryonic stage, witkry few nationscurrentlyinvesting in it for applications in
INS. This is seen as an evolutionary path for MEMS.

The following organizations have active research programs in nanotechnology:

e Denmark

— Mikroelecktronik Centret — Technical University of Denmark
* United States

— Cornell University — Draper Labs

— Rice University

+ UK
— Oxford University
 Japan

— National Institute for Advanced
Interdisciplinary Research
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SECTION 16.2—GRAVITY METERS AND GRAVITY GRADIOMETERS

Highlights

»  Gravity sensor arrays will be more viable due to accurate time sequencing, computer speed, and merhory
advances, providing increased detection and location of submarines, mines, and mobile missiles.

* Uncompensated gravity disturbances are a large error source for INS initialization and subsequent fielp
operation. Future gravity models will enable more accurate INS compensation.
» Use of a worldwide gravity database based on better instrumentation and storage/access capabilities|in

conjunction with on-board gravity sensors, will provide autonomous and continuous updates to INS,
yielding comparable accuracy with projected INS/GPS hybrid systems.

» A developing technology to compute real-time gravity data from a moving platform may use the difference
in acceleration data from an uncompensated INS and the GNSS.

OVERVIEW

This evolving and developing technology is used to measbigs gravity field (such as Earth’s), which in
turn has applications for detection and localization of mass distributioasrt position determinationandinertial
navigation compensation. Increasingly, gravity data will play a nejdicritical role in future navigatiosystems.
Accurate geodetic and geophysidaka(G&G) canimprove theperformance ofnertial navigation systems wwhat
may be near-GP8&ccuracy. G&G-enhancddllS could prove to be aignificant navigation asset wh&PS is not
available. Specifically, future uses of G&@atawill improve military weaponaccuracy andncrease safety of
military and civilian flight by:

» Improving accuracy of navigation subsystems and stand-alone INS

* Providing accurate navigation in a hostile environment when GPS is denied

» Enabling covert terrain-following and terrain-avoidance systems

» Providing accurate attitude control of AUVSs to allow for geodetic quality imagery
» Detecting underground manmade and natural structures and mass differences.

Presentaircraftandship INS usecoarsemodels of Earth’s gravity t@orrectfor the sensed acceleration of
gravity by the system sensors. Gravity anomalies that are not modeled are a major error source andyimaintbe
performance of deployed INS. Gravity meters and gravity gradiometers are used in stetiilermodes to measure
gravity disturbances, deflections of the vertical, and to characterize the three-dimensional gravity vector.

G&G data is used tground align and provide real-time, in-flight updates oflocal gravity to navigation
systems,and thesedata arecritical to bothfuture precision engagemeand safety of navigationrequirements.
Commercially, gravity meterand gradiometers are used #ssist in exploration fooil, gas, or minerals by
measuring the variations in the magnitude of the gravity vector or the variation in the gravity gradights-
more, G&G data can be assimilatetb “gravity maps” in support oflata-based, POSITIME-referencedvigation
systems (see Section 16.3).

Other uses include tunnel detection, buried material detection, and in arms control regiy@sdentification,
andweigh-in-motion. Covertletectionandintrusion classification capabilitieere militarily significant, especially
for monitoring “secure” urban areas. International cooperative effdhugh the International Association of
Geodesy (IAG) exist for comparing absolute gravity standards.
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RATIONALE

Moving-base gravity-metegiccuracy isessential tageneratemaps for autonomousiting, INS initialization,
anden-route compensation fan-flight gravity effectsfor WMD delivery systems, such as ballistic missiles and
other long-rangeynaided, inertial-guideépplications includingpircraft, AUVs, cruise missiles, and submarines.
Applications have been developed to correct, either indirectly or directly, for the local gliattitypances or vertical
deflection on amoving base/platform. Thancompensated vertical deflection tise largesterror in many INS
scenarios. Théndirect—andmost common—compensatidachniqueuses verticaldeflection map data computed
from gravity-meter surveys. The direct method uses a grguityiometerfor real-time compensation of theertical
deflection. In the latter mode, the spatial gragtgdientsare multiplied (scalar product) byhe velocity vector and
integrated to obtain the vertical deflection in real time.

Another application for this technology is to use the gravity meter or grgradtliometer in a map-matching
mode for accurate position determination using previously surveyed map data. Due to roll off of tiieghigicies
in the gravity anomaly field with altitude, theaecuracies couldnly beobtained alow altitude, if at all. Naviga-
tion at GPSaccuracythrough turnsand acceleration igjuestionable, butould potentially berecovered afterward.
These map-matching techniques using sensors gdatapnly along the flight pattare questionable for long-term
navigation, agherearelikely to beareas wher¢he data doesiot have adequatespatial variance to achieve these
accuracies. In a local area, with proper conditions for the sensor type being used, these POSITIME methods might be
useful. Gravity gradiometers have a higher military value than gravity meters, since they have the astitpate
vertical deflection in reafime; however, gravity meters fairborne and marine applicationsre still of military
importance. Gravity meterand gravity gradiometersequirestabilizationandthe associated software tmaintain a
stable reference frame. The resulting hylmydtem has the potential providethe military with a non-emanating,
nonjammable, totallycovertsystem thatan be usedvorldwide for navigation. As noted, the systewill require
previously surveyed gravity magata aswvell as a sufficiently distinct gravity signature tieain bedetected in the
backgroundhoise. When there inot anadequatesignature, the system maybagmentedvith magneticsignature
map matching(see Section 16.4).Another developing method of determining gravity is bgmputing the
accelerationdifferencebetween an uncompensattdS and a GNSS. Asmeasured by &NSS, thecomputed
acceleration ofthe platform is the purecceleration ofthe vehicle, while theacceleration measured by an
uncompensatetNS contains the gravityectorandthe platformacceleratiorvector. Thedifference isthe gravity
vector. Advancedfiltering using optical correlators/processorand GNSS time synchronizatiorare enabling
technologies to obtain the gravity vector.

WORLDWIDE TECHNOLOGY ASSESSMENT

State of the art immass-producegravity meters(gravimeters) is athe 5- to 10-ugal level. A specially
configuredLaCoste Romberg unit haselded gravity measurements at precisiamd accuracyevels of 1-pygal. A
few countries have elected to be dominant in gravity meter and gravity gradiometer technologies, whieeottadrs
active in the technologipecause oeconomic considerations. Gravity meters (statade)better than 10 pgals are
manufactured and used the United States.CanadaGermany, UK, Japan, Chin&ussia,and the Ukraine have
developed gravity meters that have not yet achieved the 10-ugal lewetving baseinstruments,several state-of-
the-art gravity meterare currently beingmanufactured toyield mgal-level precision inthe United States and
Germany. All require the use of very high-grade accelerometers and are consideredhimbeeabugh quality to be
of military importance because the accelerometers are of higher grade thafotimoisan most INS. State of the art
in gravity gradiometers is on the order of Eotvbi. This sensitivity is realized in Lockheed Martin (formeigl)
systems, whiclarethe only mobile systemeurrently availableResearchers at Yaléniversity are developing an
atom interferometry-based gradiometer with a sensitivity potential of 1 Edlpsising a 1-m baseline. A team in
New Zealand is developing a cryogenic gradiometer with potential sensitivity of 0.02 Ebix.0s/

Countries of concern may not use (or develop) gravity technologies because of their tecimakity, high
cost, and marginal military benefits. The alternative of using data from INS and GPS (or other aids) may prove to be
more cost effective as a developing technology for data base generation. Countries with proven capabilityigo use
technology for ballistic missiles include the United States, UK, Russia, Ukraine, China, France, and Canada.
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Gravity Meters Gravity Meters Gravity
Country (Gravimeters) (Gravimeters) Gradiometers
Absolute Relative
Australia oo oo XXX
Austria oo XY X
Brazil oo XXX
Canada oo eooo (X}
China eoo (XX Y XXX
Czech Republic eee eooo
Finland ooo [ XX L o0
France ooo eeoeo (XYY}
Germany eoe XYY P
Hungary oo eooe )
India (] LX) °
Israel oo ° oo
Italy (X X X ] (X X X ] o000
Japan (XX X ) (XX X ) [ X ]
Netherlands oo oo
Poland oo (XY}
Romania oo YY)
Russia eeoo (XX Y] XXX
Slovak Republic oo eoo
South Africa ° oo
South Korea i °
Spain ° o0
Sweden oo XXX
Switzerland oo (XX X
Taiwan ° 'Y
UK (X X (XX X XXy
Ukraine oo (XYY} XY
United States eooo (XY X} XYY
Legend: Extensive R&D  ®°®°®® Significant R&D ®®® Moderate R&D ©® Limited R&D ©®

Figure 16.2-1. Gravity Meters and Gradiometers WTA Summary
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DATA SHEET I11-16.2. GRAVITY METERS (GRAVIMETERS),
NONMOBILE USE

Developing Critical In next 5 to 10 years:
Technology Parameter

Accuracy of < 50 pgals with a time-to-steady-state registration of less than
2 minutes under any combination of attendant corrective compensation.

Continuing development of arrays.

Critical Materials None identified.

Unique Test, Production, SQUID sensors require superconducting temperature Dewars.

Inspection Equipment

Unique Software Algorithms and verified data for real-time gravity compensation and detection
(improvement > 10 to 1) for operation using arrays.

Technical Issues Accurate verticality and low-level vibration environment required.

Major Commercial Resource exploration.

Applications

Detection of underground structures.

Affordability Cost is proportional to usage. This is not a large-volume production technology. One of
the largest manufacturers has sold only about 1,500 units in the last 40 years.

RATIONALE

Gravity metersare aPOSITIME-influencedechnologybecause othe interrelationship of gravitgatawith
position and time and the need for verticality for sensor stabilization.

The uncompensated vertical deflection tise largesterror in many INS scenarios. The indirea@nd most
common, compensation technique uses vertical deflection map data computed from gravity meter surdirgst The
method uses a gravity gradiometer for real-time compensation of the vedefteadtion. Another application fdhis
technology is to use the gravity meter in a map-matching mode for accurate pdstéaminationusing previously
surveyed map data. Due toll off of the highfrequencies inthe gravity anomalyield with altitude, thisaccuracy
could only be obtained at ground level or low altitude, if then. In a ke, with proper conditions fothe sensor
type being used, these methods might be useful.

The knowledge of initial conditions of gravity predetermines accuracy of self-contained, autonomous navigation
systems of all types, but especially inertially equipped ballistic missileskiidwledge ofthe gravityfield allows
accuratecompensation of INS. Gravitgatabases amequiredfor strategic aircraftsubmarinesunmannedvehicles,
andmissiles. Thedetection ofundergroundstructuresand material compositiorare other applicationsContinuing
development of gravity meter arrays using advanced correlation techaitphesry accurateclocks will improve the
signal-to-noise ratio (SNR) of the array system. This is considered to be a militarily critical capability.

Advanced filtering using optical correlators/processorsind GNSS time synchronizatiorare enabling
technologies to obtain the gravity vector. Once the gravity maensratednonmobile gravity metersan beused
for correlation of the grid data.

Relative to JCS Vision 2010, gravitgeters have precision engagemapplications.There are nospecial
requirements for the U.S. Government to gain access to this technology. The substantial margin of Gadedbility
is critical to continued U.S. superiority.
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WORLDWIDE TECHNOLOGY ASSESSMENT

Australia oo Austria eoe Brazil eeoe Canada oo
China eoece Czech Republic ®°®° Finland oo France eeeo
Germany ecee Hungary eeeo India oo Israel oo
Italy ecee Japan eecoe Netherlands oo Poland oee
Romania oo Russia eecoe Slovak Republic ®°®® South Africa ®
South Korea ® Spain oo Sweden oo Switzerland oee
Taiwan ® UK eoe Ukraine oo United States eeeo
Legend: Extensive R&D  ®®°®® Significant R&RD  ®®® Moderate R&D ®® Limited R&D ®

Commercial interestare advancinghe developmentand production ofthis technology. State of the art in
mass-produced gravity meters (gravimeters) ithat5- to 10-pgal level. A specialbonfiguredLaCoste Romberg
unit has yielded gravity measurements at precision and accuracy levelgalf 1A few countries havelected to be
dominant in gravity meter technologies, while othamsinactive in thisareabecause o&conomic considerations.
Gravity meters (static mode) better than 10 pgals are manufactureg@mdnthe United States.Canada, Germany,
UK, Japan, China, Russia, and the Ukraine have developed gravity meters that have not achieved the 10-pgal level.

Countries of concern may not use (or develop) gravity meters because of their tedmigalxity, high cost,
and marginal military benefits. The alternative of using data from INS and GPS (or other aids) may praver® be
cost effective as a developingechnology fordata-basegeneration. Countries with proven capability to tisis
technology for ballistic missiles include United States, UK, Russia, Ukraine, China, France, and Canada.

The following organizations have active research programs:
* United States

— Carson Instruments — Exploration Instruments
— Gravity Exploration Techniques, Inc. — Gravity Map Services
— GWR Instruments — LaCoste Romberg

— Neese Instrument Company — Scinrex

— Worden Meter Company —ZLS Corporation

- MG
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DATA SHEET 11I-16.2. GRAVITY METERS (GRAVIMETERS), MOBILE USE

Developing Critical In next 5 to 10 years:
Technology Parameter

Moving platform accuracy of < 75 pgals with a time-to-steady-state registration of less
than 2 minutes under any combination of attendant corrective compensation.

Continuing development of arrays.

Critical Materials None identified.

Unique Test, Production, Test, calibration, modeling, compensation, or alignment equipment to obtain mobile
Inspection Equipment accuracy

Accelerometer axis align stations.

Unique Software Algorithms and verified data for real-time gravity compensation and detection
(improvement > 10 to 1) for operation on mobile platforms or using arrays and time
compensation, or both.

Technical Issues All modern earthbound gravity meters are affected by motion from all sources (seismic,
acoustic, temperature, etc.) and require isolation/compensation. The problem is
compounded by mobile usage by the need for compensation.

Major Commercial Resource exploration. Underwater terrain estimation.
Applications
Detection of underground structures.
Affordability Cost is proportional to usage. This is not a large-volume production technology.
RATIONALE

Gravity meters on a moving platforame aPOSITIME-influencedechnologybecause othe interrelationship
of gravity data with position and time and the need for velocity and verticality compensation for sensor stabilization.

Moving-base gravity-metesiccuracy isessential tageneratemaps for autonomousiting, INS initialization,
anden-route compensation fan-flight gravity effectsfor WMD delivery systems, such as ballistic missiles and
other long-rangeynaided, inertial-guidedpplications, includingaircraft, AUVs, cruise missiles, and submarines.
Applications have been developed to correct, either directly or indirectly, for the local gliatttypances or vertical
deflection on amoving base/platform. Thancompensated vertical deflection tise largesterror in many INS
scenarios. Théndirect—andmost common—compensatidachniqueuses verticaldeflection map data computed
from gravity meter surveys. The direct method uses a grgwityiometerfor real-time compensation of thertical
deflection. In the latter mode, the spatial gragtgdientsare multiplied (scalar product) byhe velocity vector and
integrated to obtain the vertical deflection in real time.

Another application forthis technology is to use the gravitgeter in a map-matchinmode for accurate
position determinatiorusing previouslysurveyedmap data. Due taoll off of the highfrequencies inthe gravity
anomalyfield with altitude, thisaccuracycould only be obtained atlow altitude, if at all. Navigation at GPS
accuracythrough turnsandacceleration isjuestionable, butould potentially berecovered afterwardlThese map-
matching techniques using sensors giving data only along the flightageqestionable for long-termavigation,
as therearelikely to beareas wher¢he data doesiot haveadequatespatial variance to achievthis accuracy. In a
local area, with proper conditions for the sensor type being used, these methods might be useful.

The knowledge ofinitial conditions of gravitypredetermineghe accuracy ofself-contained,autonomous
navigation systems of all types, but especially those for ballistic missiles. The knowledge of thefigtd\atiows
accurate compensation of INSn mobile platforms, continuing development of gravity meter arrays @&vanced
correlation techniques and very accurate clocks will imprové&tie of thearray system.Accuratetime is required
for compensation. This is considered to be a militarily critical capability.
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Gravity meters for airborn@nd marine applicationsare of military importance. Gravity metersequire
stabilizationandthe associated software tmaintain a stableeferencframe. The resultingnybrid system has the
potential to provide the military with a non-emanating, nonjammable, totalbwvert system thatcan beused
worldwide for navigation. As noted, the system will require previously surveyed gravity map data as walicase a
gravity signature, which can be detected in the background noise. When there is not an adequate signature, the system
may be augmented with magnetic signature map matching (see Section 16.4).

Another developing method of determining gravity is dymputing theaccelerationdifference between an
uncompensated INS and a GNSS. Theputed acceleration dfie platform, asneasured by &NSS, is thepure
acceleration of the vehicle, while the acceleration measured by an uncompensated INS contains the gravity vector and
the platform acceleration vector. The difference is the gravity vector. Advanced filtering using optical
correlators/processors and GNSS time synchronization are enabling technologies to obtain the gravity vector.

Relative to JCS Vision 2010, gravitgeters have precision engagemapplications.There are naspecial
requirements for the U.S. Government to gain access to this technology. The substantial margin of Gadedbility
is critical to continued U.S. superiority.

WORLDWIDE TECHNOLOGY ASSESSMENT

Australia oo Austria eeoe Brazil ee Canada eoee
China ecoe Czech Republic ®°®° Finland oo France eeoo
Germany ecoo Hungary oo India eeoe Israel oo
Italy eee Japan eeoe Netherlands oo Poland oee
Romania b Russia eecoe Slovak Republic ®®*® South Africa b
South Korea ® Spain oo Sweden oo Switzerland oee
Taiwan oeeo UK oo Ukraine oo United States eoee
Legend: Extensive R&D  ®®°®® Significant R&D  ®®® Moderate R&D ®® Limited R&D ®

Commercial interestare advancinghe developmentand production ofthis technology. State of the art in
mass-produced gravity meters (gravimeters) ithat5- to 10-pgal level. A specialbonfiguredLaCoste Romberg
unit has yielded gravity measurements at precision and accuracy levelgalf 1A few countries havelected to be
dominant in gravity-meter technologies, while otharspassivebecause oéconomic considerations. In moving-
base instruments, several state-of-the-agravity metersare currently beingmanufactured toyield mgal-level
precision in the United States and Germany. All require the use othigingrade accelerometeasd areconsidered
to be of high enough quality to be of military importathezausdhe accelerometers are dighergradethan those
found in most INS.

Countries of concern may not use (or develop) gravity meters because of their tembmickgxity, high cost,
and marginal military benefits. The alternative of using data from INS and GPS (or other aids) may praver® be
cost effective as a developingechnology fordata-basegeneration. Countries with proven capability to tisis
technology for ballistic missiles include the United States, the UK, Russia, Ukraine, China, France, and Canada.

The following organizations have active research programs:
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« United States

— Exploration Instruments — GWR Instruments
— LaCoste Romberg — Neese Instrument Company
— Worden Meter Company (Texas - MG

Instruments)

e Germany
— Institute for Applied Geodesy
* Japan

— Kyoto Electronics Manufacturing
Company

e Russia

— State Research Centre of Russia (CSRI
Elektropribor)

e Switzerland

— ETH-Zurich
 Finland

— Finnish Geopetic Institute
* Sweden

— Geodetiska

Other organizations thditave activeresearchprogramsare Scinrex, Carson Instruments, ZLS Corporation,
Gravity Exploration Techniques Incorporated, Gravity Map ServaedpG. Anexample of a commerciapplica-
tion is a recently completed aerial survey of Switzerland by ETH-Zurich, using a LaCoste Rombergceygieth
to GPS.
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DATA SHEET I1l1-16.2. GRAVITY GRADIOMETERS, NONMOBILE USE

Developing Critical In next 5 to 10 years:
Technology Parameter

Static platform < 0.02 Eotvos/VHz.

Continuing development of arrays.

Critical Materials None identified.

Unique Test, Production, Test, calibration, modeling, compensation, or alignment equipment to obtain static
Inspection Equipment accuracy of sensor.

Accelerometer axis align stations. SQUID sensors require superconducting tempera-
ture Dewars.

Unique Software Algorithms and verified data for real time gravity compensation and detection
(improvement > 10 to 1) for operation using arrays.

Technical Issues All modern earthbound gravity gradiometers are affected by motion from all sources
(seismic, acoustic, temperature, etc.) and require isolation/compensation. The problem
is compounded by the need for measurements at different points near the test article.

Major Commercial Resource exploration.
Applications
Detection of underground structures such as sink holes.
Affordability Cost is proportional to usage. This is not a large-volume production technology.
RATIONALE

Gravity gradiometers are BOSITIME-influencedechnologybecause othe interrelationship of gravitgata
with position and time and the need for verticality for sensor stabilization.

The uncompensated vertical deflection tise largesterror in many INS scenarios. Thiedirect—andmost
common—compensation technique uses vertical deflection map data computed from gravity-meter surdegst The
method uses a gravity gradiometer for real-time compensation of the vddilesition. Data-base modalsveloped
from gravity gradiometer datare used bycertainmilitary platforms. Thisprocess wasised bythe Trident Missile
Systemfor stealth(nonradiating)positioning. Other applicationsnclude detection ofundergroundstructures, and
nonintrusive identification of treaty-limitedlems. Gravitygradiometers have laigher military value than gravity
metersbecausethey have the ability to estimatevertical deflection in reatime. Gravity gradiometersrequire
stabilization and the associated software to maintain a stable reference frame.

Gravity gradiometers can detect underground structures and pravid@trusive identification ofreaty-limited
items. Advanced systems will detect masses in the 300-m size at 200-m depths.

Relative to JCS Vision 2010, gravigradiometers haverecision engagemerapplications.There are no
special requirements fahe U.S. Government to gairaccess tothis technology. This technology should be
continuouslymonitored because dhe substantial margin of capabiligddedthat is critical tocontinuedU.S.
superiority.
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WORLDWIDE TECHNOLOGY ASSESSMENT

Australia oo Austria eoe Brazil oo Canada eeeo
China eoece Czech Republic ®°®° Finland oo France eeeo
Germany ecee Hungary oo India oo Israel oo
Italy oeoe Japan eecoe Netherlands oo Poland oee
Romania oo Russia eecoe Slovak Republic ®°®® South Africa oo
South Korea ® Spain oo Sweden oo Switzerland oee
Taiwan oo UK eoeo Ukraine oo United States eeeo
Legend: Extensive R&D  ®®°®® Significant R&RD  ®®® Moderate R&D ®® Limited R&D ®

Lockheed MartinCorporation is the majdd.S. company with proven capability. OtherS. companies and
research institutions include Bell Geospace and the University of Maryland.

Commercial interestare advancinghe developmentaind production ofthis technology. Few countridsave
elected to be dominant in gravityadiometeitechnologies, while mosire passivebecause oéconomicconsidera-
tions. Researchers at Yaldniversity are developing anatom interferometry-based gradiometeith a sensitivity
potential of 1 EotvosiHz using a 1-m baseline. UsingSaiperconducting Gravit@radiometer, researchers at the
University of Maryland havedemonstrate®.02 Eotvos/Hz, while Gravitech in NewZealand isalso developing a
cryogenic gradiometer with potential sensitivity of 0.02 Eotvidg/

Countries of concern may not use (or develop) gravity gradiometers because of their tecnmidakity, high
cost, and marginal military benefits. The alternative of using data from INS and GPS (or other aids) may prove to be
more cost effective as a developing technology for data-base generation.

1-16-49



DATA SHEET I1l1-16.2. GRAVITY GRADIOMETERS, MOBILE USE

Developing Critical In next 5 to 10 years:
Technology Parameter
Moving platform < 5 Eotvos/VHz.

Continuing development of arrays.

Critical Materials None identified.

Unique Test, Production, Test, calibration, modeling, compensation, or alignment equipment to obtain mobile
nfeis el [ Wjar =i accuracy of < 5 Eotvos/VHz.

Accelerometer axis align stations.

Unique Software Algorithms and verified data for real-time gravity compensation and detection
(improvement > 10 to 1) for operation on mobile platforms, using arrays and time
compensation, or both.

Technical Issues All modern earthbound gravity gradiometers are affected by motion from all sources
(seismic, acoustic, temperature, etc.) and require isolation/compensation. The problem
is compound by the need for measurements at different points near the test article.

Major Commercial Resource exploration. Underwater terrain estimation.
Applications
Detection of underground structures such as sink holes.
Affordability Cost is proportional to usage. This is not a large-volume production technology.
RATIONALE

Gravity gradiometers are BOSITIME-influencedechnologybecause othe interrelationship of gravitgata
with position andtime andthe needfor velocity and verticality compensation on a moving platfoffior sensor
stabilization. Applicationshave beendeveloped tocorrect, either directly or indirectly, fothe local gravity
disturbances or vertical deflection onmving base/platform. Thencompensated vertical deflectiontree largest
error in many INS scenarios. The indirect—and most common—compensation technique useslefietiiah map
data computed from gravity-meter surveys. The direct method uses a graditymeterfor real-time compensation
of the verticaldeflection. Inthe latter mode, the spatial gravigyadientsare multiplied (scalar product) by the
velocity vector and integrated to obtain the vertical deflection in real time.

Another application for this technology is to use the gragigdiometer in anap-matchingnodefor accurate
position determinatiorusing previouslysurveyedmap data. Due taoll off of the highfrequencies inthe gravity
anomalyfield with altitude, thisaccuracycould only be obtained at groundevel and atlow altitude, if then.
Navigation at GPS accuracy through tuamsl acceleration igjuestionable, but therrors could perhaps bectified
afterward. These map-matching techniques using segaang dataonly along the flight pattare questionable for
long-term navigation, as there are likely to be areas where the data does raddupratspatial variance to achieve
this accuracy. In a local area, with proper conditions for the sensor type being used, these methods might be useful.

Gravity gradiometerswith motion compensatiomprovide atotal covert undersea worldwidenavigational
capability using correlation techniques with gravity maps. Himvledge ofinstantaneous gravity conditions while
on a moving platform ismeededGravity gradiometers can deteghdergroundstructuresand provide non-intrusive
identification of treaty-limiteditems. Continuing development ofgravity gradiometer arrayauising advanced
correlation techniques and very accurate clocks will improve the SNR of the array system. cbhisidsred to be a
militarily critical capability.

Gravity gradiometers have a higher military value than gravity meters because they have the astitpaie
vertical deflection in reafime. Gravitygradiometersequirestabilizationandthe associated software tmaintain a
stable reference frame. The resulting hylaydtem has the potential pwovidethe military with a non-emanating,
nonjammable, totallycovertsystem thatan be usedvorldwide for navigation. As noted, the systewill require
previously surveyed gravity magata, aswvell as auniquegravity signature thatan bedetected inthe background
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noise. When there is not an adequate signature, the system maybe augmented with magnetic signature map matching
(see subsection 16.4).

Another developing method of determining gravity is dymputing theaccelerationdifference between an
uncompensated IN&nd aGNSS. Asmeasured by &NSS, thecomputed acceleration dfie platform is theure
acceleration of the vehicle, while the acceleration measured by an uncompensated INS contains the gravity vector and
the platform acceleration vector. The differencehis gravity vectorAccuratetime is requiredfor compensation. A
controlledvibration andacceleratiorenvironment isrequired toimprove accuracy Advancedfiltering using optical
correlators/processoend GNSS time synchronizatioare enabling technologies to obtain the grawtgctor with
better accuracy.

Relative to JCS Vision 2010, gravityradiometers haverecision engagemertpplications.There are no
special requirements for the U.S. Government to gain access to this technology. The substantial margin of capability
added is critical to continued U.S. superiority.

WORLDWIDE TECHNOLOGY ASSESSMENT

Australia oo China oo Finland oo France ecoo
Germany oo Hungary oo Italy eeeo Japan oo
New Zealand oo Russia eee UK oee United States oo
Legend: Extensive R&D  ®®°®® Significant R&D ®®® Moderate R&D ©® Limited R&D ®

Commercial interests are advancing tievelopmentand production ofthis technology. Afew countrieshave
elected to be dominant in gravity gradiometer technologies, while atepsssivebecause oéconomicconsidera-
tions. Inmoving-base instrumentsgveral state-of-the-agravity metersare currently beingmanufactured in the
United States and Germany to yield mgal-level precision. State of the art in gyadtgmeters is othe order of
10 Eotvos/Hz. This sensitivity is realized in the Lockheed Martin (formerly Bell) system, which is the only mobile
system currently available. This system requires the usergfhigh-grade accelerometeasd is considered to be of
military importance because the accelerometers are of higher grade than those found in most INS. Res&afehers at
University are developing aratom interferometry-based gradiometaith a sensitivity potential ofl Eotvosi/Hz
using a 1-m baseline. Gravitech in New Zealand is developing a cryageadiometemwith potential sensitivity of
0.02 Eotvos/Hz. Theyare inthe developmenstage,andthe potential formoving base applications for either of
these systems is unknown. An exampleoafmercial application is a recenttpmpleted survey irthe Gulf of
Mexico by Bell Aerospace (LockheetMartin). The surveyused athree-dimensionalfull tensor, gravity-gradient
system derived from the Trident Missile System for positioning by use of undersea map data.

Countries of concern may not use (or develop) gravity gradiometers because of their tecnmitekity, high
cost, and marginal military benefits. The alternative of using data from INS and GPS (or other aids) may prove to be
more cost effective as a developing technology for data-base generation.

The following organizations have active research programs:
* United States
— Lockheed Martin — Yale University
e Germany

— Institute of Elecronic Basics of
Computer Science

e Canada
— University of Vctoria
 New Zealand

— Gravitech
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SECTION 16.3—RADIO AND DATA-BASED REFERENCED
NAVIGATION (DBRN) SYSTEMS

Highlights

«  With the discontinuance of the U.S. GPS Selective Availability (Siadl the use of Differential GPS
(DGPS) combined with LORAN and improved LORAN, a navigation accuracy of less than 1 m (6
sigma)/0.3 m (SEP) can be provided to both friends and foes.

» Autonomous and common three-dimensional POSITIME grid reference will improve battlespace situgtional
awareness by providing a precise POSITIME tag on all battlespace information collected to provide re¢al-time
knowledge of location and movement across battlespace of allied and enemy assets.

»  Significant commercial and military growth and dependence on GNSS for position and time will increase as
GNSS receivers decrease in cost, weight, and power.

» International GNSS (GLONAS, European Union 2, and Teledesic) capabilities will continue to be devgloped
as alternatives to the U.S. GPS, as a means of providing better redundancy and integrity monitoring} or
both.

* Increased combination of hybrid navigation and adaptive antenna systems will significantly reduce military
dependence on GPS in a jamming combat environment or during signal loss. Future increased combinations
of navigation, communication, imaging, and computer functions will improve situational awareness ip
urban terrain.

» Data-based referenced navigation technology, leveraged by increased computer speed and memory, Will have
increased commercial and military usage

OVERVIEW

Radio navigation, particularlyfGPS andLORAN, will continue to beusedboth by military and commercial
users in the foreseeable future. Radio navigation continues to be the semallestst expensive of the POSITIME
systems. The ratio of commercial to military use of GPS and LORAN will probaldyeagerthan 100:1.There is
a definite trend to transition GPS from a DoD system to a commercial system. With S/A off, the 10 m agituracy
be availablevorldwide for all commercial users, who previousiyere limited to 100-maccuracy.The S/A had
previously limited this 10 m accuracy to U.S. and allied military use only.

Another issue is themergence oDGPS, which uses a smatoundstation outfitted with aGPS receiver
whose geographic location is precisely determined, and the difference between surveg®$apdsitiontransmitted
to another userThis procedurecan provide araccuracy ofbetter than 5 m. In Europe, a noutethniquethat
transmits DGPS signals on an existing LORAN ¢2Jled Eurufix, hasdemonstrategosition-fixing accuracy of
better than 3 m. Localized jamming by friendly forces will deny these accurate GPS capabilities to an enemy only if
the basic GPS signal is completggynmed. AntijamGPS componentandsystemssuch as amdaptive antenna
system, combinedwith high-speeddigital signal processing (DSRnd aclosely coupled hybridGPS/INS will
optimize antennacoveragepatterns to specifisignal andinterferenceenvironments. This willproduce an antenna
pattern with nulls in thelirection ofbroadbandammers very quicklyBettertime accuracy (se&ection 16.5)will
allow rapid GPS direct-Y code acquisition,and the use of autonomousow-power clockswill minimize GPS
jamming andloss of satellite signal. larban areasloss of GPS signalslue to signal blockageand multipath
problems is achallenge to be overcome. Liledl time difference ofarrival (TDOA) systems, the LORAN system
accuracycan be improved bynore accurateclocks. Similar to GPSeceiverimprovementsand miniaturization,

1 President Bill Clinton, the White House, 1 May 2000
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LORAN antennaand electronic miniaturization technology continues to improve LORABEeiver capability.

Fund

ing for continuation of LORANroundstationsbecause othe growing number of commercial applications

continues to force the Federal Radio Navigation Plan to be revised, and the demise of LORAN isvidgnasas it
was 5 years ago.

Military GPS position accuracy will improve from 3 m to 1 m as a result of recent efforts to linkatlumal

ImageryMapping Agency (NIMA) andthe USAF GPSracking networksupgradedKalman filtering, and reduced
prediction error in broadcast navigation (NAV) messages. Usiad location sites, DGP$an furtherimprove the
accuracy tdess than 0.6 m. The use of DGHR®wever, is currently limited to kbcalized area andhe use of
communications that may also be susceptible to jamming. Solar activity over the nedrdGsexpected to cause

probl

ems in time transfer of 10-15 ns.

Technology related to radio ranging using normal tactical communication systems valdilg available for

use in 5 years. The Army’s enhanced position location systeapiesentative othis technology. Communication
signal-basedanging is a plausible method pbésitioning. Smartantenna techniquesill be a catalyst,enabling
commercial and military-based stations and user modes for personaommunication systems (i.egellular
telephones). This technology can provide a location accuracy approaching GPS.

integ

Further GNSS improvements include:

Upgrades to U.S. GPS/NAVSTAR capabilitiesinelude incorporation otinencryptedC/A codes on L2,
inclusion of third civilianfrequency,nclusion of newencryptedmilitary codes on L1 andl2, increase in
transmission power, and potential increase in number of space vehicles.

Integration of European Union Galileo public/private GNSS with the U.S. GPS system.

Improvements in space vehicle orbital definitionmgreasedyroundstationupdate frequencygndincorpora-
tion of more accurate ionospheric correction models on GNSS accuracy.

Use of ground-based transmitters to provide wide area DGNSS corrections.
Use of satellites (GEO and LEO) to provide wide area DGNSS corrections, particularly to aviation.

Impact of FAA efforts to utilize DGNSS-based en-route and precision lagdidgncethrough theWAAS
and LAAS programs and the worldwide proliferation of compatible technology.

The use of pseudolites (airborne and ground based) for military application and precision landing support (as
envisioned in LAAS).

Further improvements to GP&curacy, asvell asreducingsusceptibility to jamming, will beobtained by
ration with the following Digital Terrain Data Based Navigation Systems:

Digital Terrain Elevation Data (DTED)
Digital Feature Analysis Data (DFAD)
The World Geodetic System (WGS 84)
The Earth Gravitational Model (EGM 96)
The International Terrestrial Reference Frame (ITRF).
One of the deficiencies of GPS is that map referencing is not viable unlegsdhler ismoving to compute

directional referencing (north). A magnetic compass or an INS is required for map referencing.

The Shuttle Radar Topography Mission (SRTM)1 will collect radar data over more than 80% of the earth. This

is a major stegowardthe multi-Servicerequiremenfor Global DTEDaccuracy of 30 m by000. Table 16.3-1
shows the projected improvements in DTED accuracy.
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Table 16.3-1. Comparison of Current and Projected Digital Terrain
Elevation Data (DTED) Accuracy

Absolute Horizontal Absolute Vertical Time Frame
Current DTED 50 m 90% CE 30 m 90% LE Now
Expected DTED w/SRTM 20 m 90% CE 16 m 90% LE 2000+
Future Possibilities* 5-10 m 90% CE 5-10 m 90% LE 2015+

* Requires more accurate determination of the space vehicle’s attitude/altitude for images.

DFAD contains feature data equivalent in feature contentlt@s0,000scale topographimap. Because urban
warfare atthe brigade andndividual soldierlevel requireshigher resolution tharurrent DTEDand DFAD can
provide, the U.S. Army’s Trainingnd Doctrine Command (TRADOC) Analysis Cenfaovideshigher resolution
topographic maps (30-m elevation and a 1:50,000 scale or hfgher).

Recent improvement in the EGM 96 hdecreasedbsolute height uncertainty from 2-6 mdjlto 0.5-1 m
(1 o) worldwide. This will benefit not onlyGPS but also INSaccuracy.Figure 16.3-1 showsybrid INS/GPS
accuracywith use of geomappinglata after loss of GPS. Closely monitoring WG&hd ITRF has led to
improvements in the level of agreement between WG&rdhe ITRF, with thedeterminatiorthat theycan now
be considereéquivalenf While the GPSreference iSWGS-84, the Russian GLONAS@ference isPZ-90. The
transformation model is developed and is being refined by the United States and Russians.

INS Only

Navigation
Error

Loss of GPS
INS with Geo-
GPS-Aided l mapping
INS

Figure 16.3-1. Hybrid INS Performance with Loss of GPS

The integration of three-dimensional digital terreiapsandother geo-mappingata [provided byNIMA and
U.S. Geological Survey’s National Mapping Division’s Earth Resources Observation Systems (ERO®jjoviith
INS/GPS systems could subsequently provide highly accurate position, velocity, andndaocstynamicand covert
conditions, even after loss of GPS signals.

In addition, future improvements tthree-dimensional digitainap datacould includeglobal magnetic and
gravity data. As a point of reference, given a gravity map having an accuracy of 1 Héry@sid resolution of 0.5
km, anaircraftflying at 200-m altitude at 360 km/hr constant velocity, having a 10 Eefda}/gravimeter on
board with a 0.0001 deg/hr drift rate gyro, could navigate with 5-10-m horizontal error and 5-m verticéllleafor.
these capabilities (by use pfestored groun@nd undersegerrain contour, acousticglectromagnetic spectrum,
magnetic, and gravity sensor datall significantly increase théwybrid INS accuracy on @ontinuous basis to that
currently provided by GPS at a rate of 1.0 Hz. PT&F form the baseline for telecommunieatioresrigation, and

2 www.trac.army.mil/trandata.htr

®  Refinements to the World Geodetic Syst&884, by Stephen Malys, et al., NIMA.
4 GPS World January 1999, p. 54.
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its importance to military systems is becoming mexédentwith the operational use of thg.S. GPS (see
Section 16.5).

Otherdatabases, such as bathymetric mag®, used bythe United Statesand Russia to obtairsubmarine
position fixes without surfacing. The process of generating the map consists of registering underseadnbbions
with GPS positiondata on a surfacehip. This thenbecomes thelatabase for future map matchirghboard a
submarineThere arecurrent studiegxploring the feasibility otroad ocearbathymetry thatwould increase the
number of available sites for position fixing.

RATIONALE

Accurate positioning, controfnd redundancfor platformsare essential foreffective coordination ofmilitary
activities. Individual systemaccuracy depends anissionrequirements. Encryptesignals of the GPSleny non-
authorizedusers the full capability of the systemull-steerable antennaae amilitary response tgamming.
Hybrid and DBRN systems combine the best features of different navigation systemegide autonomousgcovert,
nonjammable information. DBRN technology is partialsrivedfrom sensotand Geographic Informatiosystems
(GIS) technology. DBRN technologyeveraged bycomputerspeed andnemory, resolveslataambiguities and
optimizes navigational sensor and stored data. Three-dimenpimsiibn ambiguitiesandother properties, such as
magnetic and gravity signatures, will be resolved and optimized as stored gdatidtic navigationreferenceusing
sensors such as radar altimeters, magnetometers, gravity meters, and acoustic sensors. The useafagewent
and phase-shift key modulatiseduceghe emittedsignal, resulting in a@ecreasedetectabilityandcovert (stealth)
operation. Military uses for GPS will enhance the following:

e Supply location systems e Search and rescue

* Spacecraft navigation ¢ Weather balloon navigation

e Parachute insertion * Power and communication line failures
e Air vehicle attitude « Inertial navigator reset and mapping

« Angle of attack e System integration of sensors

« Battlefield targeting ¢ Pseudolite positioning system

» Helicopter hover positioning ¢ Position reporting for high-value assets
« Gravity measuring system e AUV navigation

« HF communications frequency managementes Imaging

< Encryption/decryption e Artillery smart round
« DGPS e DGPS for heading

» Ship cargo management ¢ Nuclear reset

« Situation awareness e Construction

* Minefield positioning

FAA’'s WAAS correctsthe standardGPS signal tgorovidethe accuracyjntegrity, andavailability needed for
civil aviation navigationand precisionapproaches (Category 1) over a very large geographical Soese of the
critical functionsinclude corrections fonavigation satellite clock, satellite orbitalata, and the effects of the
ionosphere on th&PS and WAAS signals and ensuring the validity of WAAS messages. WAAS will use
Geostationary satellites (space-based) transmitting GPS look-alike ranging signals, but with integrity messages and
wide-areadifferential corrections. The LAAS is around-basecugmentation system providing localeaDGPS
corrections DGPS isbased orproviding corrections of erroithat are common to bothground-based and aircraft
receivers inthe localarea.LAAS has the capability of providing integrity usimseudolites(ground-based, low-
powered satellites) and DGPS for accuracy of about 1 m on final approach and taxi. LAAS complements WAAS and
will operate independently. For decades, the dismounted soldier's navigailerhave consisted ahaps, compass,
and individual pacecount. Recently, GPS technology hbesenadded tothe tool set to improve position
determination. Although a significant improveme@PS can be jammed or blocked (terrain aman-made
obstructions) and GPS doesnot provide accuratazimuth information at slovspeedsfor map northreferencing.
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Integratednavigation(INAV) technologyintroduces a newool to helpcompensate for thodemes whenGPS is
either unavailable or unreliable—automatidreckoning.INAV dead-reckoningapability is supplied by aead-
reckoning module (DRM), a small, low-power navigator consisting of an electronic coamghapedometeusing
MEMS technology accelerometers.

WORLDWIDE TECHNOLOGY ASSESSMENT

The United Statesand Russiahave independentlgieveloped and deploygdlPS and GLONASS, respectively.
Theseglobal systemsand other proposedsatellite systemsarecommonlyreferred to asSNSS. TheUnited States
leads the world imadio navigationand DBRN technologyand is progressively improving in thareas of accuracy,
size, weight, reliability, costand integration with digital processing technology. The gap, however, is closing
quickly, as the newer technologies require, in some cases, less capital investment in the technolEgyppéae
Union GNSS 2 system could be launched starting in 2pf8;iding accuracy of5—10 m. Increaseccomputational
effectiveness for a given equipment voluare weight could provide aradversarywith distinct navigatiorpayoffs:

(1) enhancing navigation capabilities and (2) improving reliability and resistarfvestite actions. Signaletection
and processing technology ised to acquiresynchronize andtrack desiredsignals formeasurement of navigation
parameters. The substantial margin of capabdityed bythis technology is vital ta@ontinuedU.S. superiority in
precision navigatiorandthe multitude of missionsiependenthereupon. Highlyinterference-resistant receivers for
satellite navigation systenaealso vital. Militarily critical signal conversion technologies contribdiesctly to
mission effectiveness by improved anti-jam performance; incraatiadility; higher precision navigatiomgal-time
adaptiveresponse tdiostile environmentsand decreasedystem size, weighgindcost. The know-how t@achieve
improvements most beneficial to military applications depends upon integrated circuit technology and the software to
support it. In thisarea,Russia lags théJnited States by 3 to 5 years. Theorldwide growth of high-density
semiconductor desigand fabrication technology has been an enablieghnology. From a control standpoint,
however, the design technologyigdely taught in universitiesndavailable in industryworldwide. Receivershat
combine GPSand GLONASS technologyare available on the commercial market frothS. and non-U.S.
manufacturers. Many of these receiver designs aréinfiing purposesatherthan navigation. All of theseeceivers
will provide acapability that has better jamming resistanceseasedntegrity, and higheraccuracythan GPS or
GLONASS systems alone. The UK, Germany, France, Israel, and Japan deadifspnations thathavedeveloped
end-useproductsthat use signals from both GP&d GLONASS and DBRN for military applications. The
acquisition ofdual-useend products couldallow thetransfer ofthe necessanknow-how for military applications.
Russia also has developed the use of magagtys toimprove compensation for DBRBystems(seesubsection
16.4). Bathymetry mapsare used bythe United Statesand Russia to obtain submarine position fixes without
surfacing. Improvements @PS accuracy ingenerating those mapsill enhancesubmarineunderseanavigation
without surfacing. Several countries, including the United States, UK, and France, usedtdafa@isefor updating
cruise missile inertial navigation accuracy.
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Legend:
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Moderate R&D ©©®

Figure 16.3-2. Radio and Data-Based Referenced Navigation

WTA Summary
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DATA SHEET I111-16.3. GLOBAL NAVIGATION SATELLITE SYSTEM (GNSS)

Developing Critical
Technology Parameter

In next 5 to 10 years:

Signal decryption (antispoof) and/or null-steerable antenna, jamming protection;
Accuracy (w/o S/A) of <1 m 50% SEP in position and < 1 picosecond in time.

< 0.1 m/s velocity for > 60,000 ft and for > 1,000 kts—lighter and less expensive.

Critical Materials

None identified.

Inspection Equipment

Unique Test, Production,

Antispoofing (A-S); signal simulators and A-S < 1 picosecond measurement capability;
electronic counter-countermeasures (ECCM) or interference resistance receivers.

Unique Software

Algorithms including classified, encrypted algorithms and verified data; vehicle attitude

determination; direct Y-code algorithms verified through tests; A-S source code
verified.

Technical Issues Commercial A/C usage for autoland.

GPS signal integrity; worldwide availability.

Small accurate clocks that provide for direct acquisition of GPS Y code.

Major Commercial Ground vehicle navigation, aircraft navigation, surveying.

Applications
DoD has exclusive access to corrected U.S. GPS pseudorange, delta range, and
ephemeris data.
Affordability Accuracy and autonomy are the key drivers. Reduced processor costs and memory will
significantly reduce costs.
RATIONALE

Accurate positioning, contrognd redundancfor platformsare essential foreffective coordination ofmilitary
activities. Individual system accuracy dependsrassion requirementsWith S/A discontinued the 10 meter GPS
accuracywill be availableworldwide for all commercial users€Encryptedsignals of the GPSleny non-authorized
users the full capability of the systenidull-steerable antenname amilitary response tgamming. Hybrid and
DBRN systems combine the be$tatures of differentnavigation systems tgrovide autonomous,covert,
nonjammable informationDBRN technology is partiallyderived from sensorand GIS technology. DBRNech-
nology, leveraged by computer spesd memory, resolvesiataambiguitiesand optimizes navigational sensor and
stored data. The use of power management and phase-shift key modeldticesthe emittedsignal, resulting in a
decreased detectability and covert (stealth) operation.

FAA’s WAAS correctsthe standardGPS signal tgprovidethe accuracyjntegrity, andavailability needed for
civil aviation navigationand precisionapproaches (Category 1) over a very large geographical Soeae of the
critical functionsinclude corrections fonavigation satellite clock, satellite orbitalata, and the effects of the
ionosphere on theGPS and WAAS signals and ensuring the validity of WAAS messages. WAAS uses
Geostationary satellites (space-based) transmitting GPS look-alike ranging signals with integrity naeskasiges
area differential corrections. The LAAS is ground-basedaugmentation system providing locatea DGPS
corrections DGPS isbased omproviding corrections of errorthat are common to bothground-based and aircraft
receivers inthe localarea.LAAS has the capability of providing integrity usirmgseudolites(ground-based, low-
powered satellites) and DGPS for accuracy of less than 1 m orafippdachandtaxi. LAAS complementSVAAS
and will operate independently. The implementation of these functions conviithethe growingreliance on GPS
by the world commercial airline industry has created a special area of concern for military planners.

5 President Bill Clinton, the White House, 1 May 2000
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Joint Vision 2010 identifies long-range precision capability as a key factor in futufare. GPS will provide
increased accuracy and a widange of delivenoptions. Advances inpreciseglobal positioning will provide the
capability to determine accuratéocations of friendly and enemy forces. Dominantmaneuverand precision
engagement will entail higher precision requirements, with longer ranges and more accurate targeting.

Military uses for GPS will enhance the following:

e Supply location systems e Search and rescue
e Spacecraft navigation e Weather balloon navigation
» Parachute insertion ¢ Power and communication line failures

» Air vehicle attitude and angle of attack ¢ Inertial navigator reset and mapping

» Battlefield targeting e System integration of sensors
* Helicopter hover positioning ¢ Pseudolite positioning system
e Gravity measuring system « Position reporting for high-value assets

e HF communications frequency management AUV navigation

*  Encryption/decryption e Artillery smart round
« DGPS « DGPS for heading

e Ship cargo management ¢ Nuclear reset

» Situation awareness e Construction

e Minefield positioning

There are no special requirements for the U.S. Government tagegss tahis technology. Thigechnology
should be continuously monitored because of the substantial margin of caabiitkhat is critical tocontinued
U.S. superiority.

WORLDWIDE TECHNOLOGY ASSESSMENT

Australia ee Austria ® Brazil ee Canada eoece
China oo Czech Republic ®*® Finland ee France eoee
Germany oo Hungary o India oo Israel eeoo
Italy oo Japan oo Netherlands oo Poland oo
Romania ® Russia eecoe Slovak Republic ® South Africa oee
South Korea b Spain oo Sweden oo Switzerland b
Taiwan ee UK eeee Ukraine eeee United States eoece
Legend: Extensive R&D  ®°®°®® Significant R&D  ®®® Moderate R&D ®® Limited R&D ®

GNSS research isbeing carried out throughout theworld primarily because ofthe extensivecommercial
applications. At present, thdnited States, Russia, UKZanada,France,and Japanappear to be leader€hina,
India, and South Africa have recently made significant advances.

The following organizations have active research programs:
* United States

— Boeing — Garman

— Interstate Electronics — Magellan
— Motorola — Odetics

— Rockwell — Trimble

— Sokkia

[1-16-62



UK

—  Skyforce Avionics
Canada

— Canadian Marconi
France

— Dassault Sercel

— Thomson-CSF
Germany

— Carl Zeiss Geodetic Systems
- LITEF

Spain

— Sena GPS SA
Japan

— Furuno Electric Company
Switzerland

— Leica

Israel

— Elbit

Australia

— Rojone Pty

Italy

— Laben S.p.A.
Taiwan

— San Jose Navigation

Synmetricon Navstar Systems, Ltd.

Novatel

Sextant Avionigue

— Datum GmbH
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DATA SHEET 111-16.3. DIFFERENTIAL GLOBAL NAVIGATION

SATELLITE SYSTEMS (DGNSS)

Developing Critical
Technology Parameter

In next 5 to 10 years:

Accuracy of < 0.3 m 50% SEP in position and < 1 picosecond in time; < 0.01 m/s
velocity > 60,000 ft and > 1,000 kts—lighter and less expensive.

Critical Materials

None identified.

Inspection Equipment

Unique Test, Production,

Algorithms including classified, encrypted algorithms and verified data; differential
techniques that provide accuracy of < 0.3 m.

Unique Software

Algorithms including classified, encrypted algorithms and verified data needed to

exceed military critical parameters; differential techniques that provide accuracy of
< 0.3 meter;

Algorithms that handle corrected pseudorange, delta range, and satellite start/stop
position (corrected ephemeris) data and the source code for combining INS with GPS.

Technical Issues Commercial aircraft usage for autoland.

GPS signal integrity: worldwide availability of DGPS; accuracy enhancement.

Major Commercial
Applications

Affordability

Ground vehicle navigation, aircraft navigation, and surveying.

Accuracy and autonomy are the key cost drivers.

RATIONALE

DGPS uses a small ground station outfitted with a GPS receiver, the geographic location of whectsedy
determined; the difference between surveyed and GPS position is transmitted to another udiffieréatdrequency.
This procedure can provide an accuracy of much better than 1 m. In Europe, &obnigjuethat transmitsDGPS
signals on an existing LORAN C, called Eurufix, has demonstrated position-fixing accuracy of better than 3 m.

Joint Vision 2010identifiesDGPS as a key technology fwovide increased accuraaynd a widerange of
delivery options. Advances in precigiobal positioning willprovidethe capability todetermine accuratecations
of friendly and enemy forces. Dominant maneuver and precision engagement will entail higher pregisiements
with longer rangesand more accuratetargeting. The Joint Warfighting&T Plan identifies DGPS as a key
technology that willenablerapid targetsearchandacquisition, battlecoordinationandtarget selectionand handoff
and engagement for prosecution of time-critical targets.

Military uses for DGPS will enhance the following:

* Supply location systems e Search and rescue

» Spacecraft navigation * Weather balloon navigation

» Parachute insertion » Power and communication line failures
» Air vehicle attitude and angle of attack « Inertial navigator reset and mapping

» Battlefield targeting e System integration of sensors

» Helicopter hover positioning ¢ Pseudolite positioning system

» Gravity measuring system « Position reporting for high-value assets

» HF communications frequency managemente AUV navigation
« Encryption/decryption e Artillery smart round
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« DGPS « DGPS for heading
* Ship cargo management * Nuclear reset

» Situation awareness « Construction

» Minefield positioning

There are no special requirements for the U.S. Government tagegss tahis technology. Thigechnology
should be continuously monitored because of the substantial margin of capaliitkhat is critical tocontinued
U.S. superiority.

WORLDWIDE TECHNOLOGY ASSESSMENT

Australia oo Austria ® Brazil oo Canada oo
China eeoe Finland ee France oo Germany o
Hungary ® India oo Israel ecoe Italy oee
Japan eeoe Netherlands oo Poland oo Russia eeoo
South Africa oo South Korea oo Spain oo Sweden oo
Switzerland oo Taiwan oo UK ecee Ukraine eee
United States eoee

Legend: Extensive R&D  ®®°®® Significant R&D ®®® Moderate R&D ©® Limited R&D ®

The United Statesand Russiahave independentlgieveloped and deployg€dPS and GLONASS, respectively.
The United Statescurrently leadsthe world in radionavigation technologynd is progressively improving in the
areas of accuracysize, weight, reliability, costand integration with digital processing technology. The UK,
Germany, France, Isragind Japanare also leadingnations thathavedeveloped end-usproductsthat use signals
from both GPSand GLONASS for military applications. The gap, however, is closing quickly, asnéwveer
technologies require, in some cases, less capital investment in the technology. The European Union GNSS 2 system
could belaunchedstarting in 2003 providing accuracy of5—10 m. Increaseccomputationakffectiveness for given
equipment volume and weight could provide an advensdty distinct navigation payoffs: (lnhancing navigation
capabilitiesand (2) improving reliability and resistance tohostile actions. Signaldetection and processing
technology is used to acquire, synchronize, and tdaskedsignals formeasurement of navigation parameters. The
substantial margin of capabilitgdded bythis technology is vital tocontinued U.S. superiority in precision
navigationandthe multitude of missionglependenthereupon. Highlyinterference-resistant receiveiar satellite
navigation systemarealso vital. Militarily critical signal conversion technologies contribdigectly to mission
effectiveness by improved anti-jam performance; increased reliability; higher precision navigation; redaptive
response tohostile environmentsand decreasedsystem size, weightand cost. The know-how toachieve
improvements most beneficial to military applications depends upon integrated circuit technology and the software to
support it. In thisarea,Russia lags théJnited States by 3 to 5 years. Theorldwide growth of high-density
semiconductor desigand fabrication technology has been an enabliaghnology. From a control standpoint,
however, the design technologyigdely taught in universitiesindavailable in industrywvorldwide. Receivershat
combine GPSand GLONASS technologyare available on the commercial market frothS. and non-U.S.
manufacturers. Many of these receiver designs arénfiing purposesatherthan navigation. All of theseeceivers
will provide acapability that has better jamming resistanoeseasedntegrity, and higheraccuracythan GPS or
GLONASS systems alone.
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The following organizations have active research programs:
* United States

— Ashtech — Boeing
— Garman — Interstate Electronics
— Lockheed Martin — Northrop Grumman
— Odetics — Rockwell
— Trimble — Sokkia

+ Canada
— Novatel

e Germany

— LITEF
« UK
— British Aerospace — Smith Industries
* lIsrael
— Elbit
 Japan
— Mitsubishi
* France
— Airbus Industries — SNECMA
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DATA SHEET 111-16.3. HYBRID RADIO NAVIGATION SYSTEMS
(OTHER THAN INERTIAL NAVIGATION)

Developing Critical In next 5 to 10 years:
Technology Parameter

Accuracy of <1 m 50% SEP in position. Jamming protection < 0.01 m/s velocity
> 60,000 ft and > 1,000 kts.

For spacecraft—Pointing accuracy of < 10 arc sec—lighter and less expensive.

Critical Materials None identified.

Unique Test, Production, Components require specially designed test, calibration, or alignment equipment;
nfeis el [ Wjar =i GNSS receivers require special simulator testing systems. Specially designed test,
calibration, or alignment equipment.

Unique Software Algorithms and verified data needed to exceed militarily critical parameters
Source code for combining GNSS with Doppler, LORAN, or DBRN.

Technical Issues Use of Doppler, acoustic (bathymetric), stellar, gravity sensing, or terrain data from
data bases to improve GNSS/INS beyond uncompensated control level. Except for
Doppler and acoustic, these methods are self contained, nonradiating, and non-
jammable. The technical issues for radio ranging include multipath mitigation signal
processing methods, low probability of detection waveforms, and low-power receivers.

Major Commercial Ground vehicle navigation, aircraft navigation.

Applications

Affordability Accuracy and autonomy are the key cost drivers.
RATIONALE

GPS accuracy will improve from 3 m to 1 m as a result of recent efforts to link the NIMA and the USAF GPS
tracking networks, upgraded Kalman filteriramd reducedprediction error in broadcaBlAV messages. Usinfixed
location sites, DGP$an furtherimprove the GPSaccuracy tdess than 0.3 m. The use of DGHR®&wever, is
currently limited to a localized area and the use of communications that may also be suscejatibiaing. Urban
positioning is one outstanding military application of a hybrid systeradtition, hybridGPS system#&ave better
redundancy and integrity monitoring capabilities.

Like all TDOA systems, the LORAN systeaccuracycan be improved bynore accurateclocks. Similar to
GPS receiver improvementsand miniaturization, LORAN antennaand electronic miniaturization technology
continues to improve LORAN receiver capability. Funding for continuation of LORAdNNdstationsbecause of
the growing commercial applications continueddrce the FederalRadio NavigationPlan to berevised,and the
demise of LORAN is not as evident as 5 years ago.

Radio rangingusing normaltactical or commercial communicatiosgstems will be anature technology
within 5 to 10 years. This technology is likely to give a significant milizdyantagavhen GPS isjammed in
future conflicts.

Further improvements to GP&curacy, asvell asreducingsusceptibility to jamming, will beobtained by
integration with other radio ranging systems and the following Digital Terrain Data-Based Navigation Systems:

» Digital Terrain Elevation Data (DTED)

» Digital Feature Analysis Data (DFAD)

* The World Geodetic System (WGS 84)

» The Earth Gravitational Model (EGM 96)

* The International Terrestrial Reference Frame (ITRF).
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The integration othree-dimensional digital terraimapsandother geomappingata (provided byNIMA and
U.S. Geological Survey’s National Mapping Division’'s EROS) wktybrid INS/GPS systemsould subsequently
provide highly accurateposition, velocity,andtrack underdynamicandcovert conditionseven aftedoss of GPS
signals.

In addition, future improvements tthree-dimensional digitainap datacould includeglobal magnetic and
gravity data. As a point of reference, given a gravity map havirageuracy of 1Eotvos#Hz andresolution of 0.5
km, an aircraft flying at 200-m altitude at 360 km/hr constant velocity, having a 10 Bt{zagavimeter orboard
with a 0.0001 deg/hdrift rate gyro, could navigatenith 5- to 10-m horizontaérror and5-m vertical errorAll of
these capabilities (by use pfestored grounénd undersegerrain contour, acousticglectromagnetic spectrum,
magnetic, and gravity sensor datall significantly increase théybrid INS accuracy on @&ontinuous basis to that
currently provided by GPS at a rate of 1.0 Hz. PT&F form the baseline for telecommunieatioressigation, and
its importance to military systems is becoming more evident with the operational use of the U.S. GPS.

The United Statesand Russia uses oth@latabasesuch as bathymetric maps, to obtain submapiosition
fixes without surfacing. Therocess of generating the mepnsists of registeringndersedottom contours with
GPS position data on a surface ship. This thecomes thelatabasdor future map matchingboard asubmarine.
There are current studies exploring the feasibility of broad ocean bathymetric maps that would increase the number of
available sites for position fixing.

Joint Vision 2010 supports this technology psoviding increased accuracy and a widange ofdelivery
options. Advances in precise global positioning will provide the capability to determine accurate locdtiendlpf
andenemy forces. Dominamhaneuverand precision engagementill entail higher precisiorrequirementswith
longer rangesind more accuratetargeting. This technology also supports the Navy Plan fpreaise navigation
system. It is critical tgprovide a backup t&@GPS or to asuccessosystem,oncethe GPS technologpecomes
obsolete.

There are no special requirements for the U.S. Government taagegss tahis technology. Thigechnology
should be continuously monitored because of the substantial margin of caabiditkhat is critical tocontinued
U.S. superiority.

WORLDWIDE TECHNOLOGY ASSESSMENT

Australia ee Austria o Brazil d Canada eoee
China ecoe Czech Republic ® Finland o France eeoe
Germany ecoo Hungary o India oo Israel ecoo
Italy ecee Japan eecoe Netherlands oo Poland ®
Romania ® Russia eecoe Slovak Republic ® South Africa oee
South Korea oo Spain oo Sweden oo Switzerland oo
Taiwan oo UK oo Ukraine oo United States eoee
Legend: Extensive R&D  ®®°®® Significant R&D  ®®® Moderate R&D ®® Limited R&D ®

The United Statesand Russiahave independentlgeveloped and deploye@dPS, GLONASS,and LORAN
equivalent systems. The United States leads the world in radio navigation and DBRN technology and is progressively
improving in the areas of accuracy, size, weight, reliability, cost, and integration with digital processing technology.
The gap, however, is closing quickly, as tevertechnologiegequire, insome cases, less capital investment in
the technology. Th&uropeanUnion GNSS 2 systencould be launchedtarting in 2003 providingccuracy of
5-10 m. Increased computational effectiveness for a given equipment vahgweight could provide aradversary
with distinct navigation payoffs: (1) enhancing navigation capabilities and (2) improving reliaititgsistance to
hostile actions. Signal detection and processing technolagget to acquiresynchronize andtrack desiredsignals
for measurement of navigation parameters. The substantial margin of capadoiéitybythis technology is vital to
continuedU.S. superiority in precision navigatioand the multitude of missiongependentthereupon. Highly
interference-resistant receivdms satellite navigation systemere also vital. Militarily critical signal conversion
technologies contributdirectly to mission effectiveness by improvednti-jam performance; increaseeliability;
higher precision navigation; real-time adaptive response to hostile environarehtiecreasedystem size, weight,
and cost. The know-how tachieveimprovements moshbeneficial tomilitary applicationsdependsipon integrated
circuit technologyandthe software tosupport it. In thisarea,Russia lags thé&nited States by 3 to 5 years. The
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worldwide growth of high-density semiconductor design and fabrication technology has been an enabling technology.
From a control standpoint, however, the design technology is widely taught in universitegilable in industry
worldwide. Receivershat combine GP&nd GLONASS technologyare available on the commercial markigom

U.S. and non-U.S. manufacturers. Many of these receiver designs are for timing purposes rather than navigation. All
of these receivers will provide a capability that has better jamming resistance, increased avidyigier accuracy

than GPS or GLONASS systems alone. The UK, Germany, France, &8rddgpanare also leadingnations that

have developed end-usproductsthat use signals from both GP&hd GLONASS and DBRN for military
applications. The acquisition afual-useend products couldallow the transfer of the necessaryknow-how for

military applications. Russia also hdsvelopedhe use of magnetiarrays toimprove compensation fdDBRN

systems (see Section 16.4). Bathymetric maps are used by the United States and Russia to obtain submarine position
fixes without surfacing. Improvements of GR&curacy ingenerating those mapell enhancesubmarineundersea
navigation without surfacing.

The following organizations have active research programs:
* United States

— Ashtech — Boeing
— Garman — Interstate Electronics
— Lockheed Martin — Northrop Grumman
— Odetics — Rockwell
— Trimble — Sokkia

+ Canada
— Novatel

e Germany

— Daimler Chrysler Aerospace — LITEF
« UK
— British Aerospace — Smith Industries
o Israel
— Elbit
 Japan
— Mitsubishi
* France
— Airbus Industries — SNECMA
o ltaly

— Piaggio Aero Industries
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DATA SHEET 111-16.3. LOW PROBABILITY OF INTERCEPT (LPI)

RADAR ALTIMETERS

Developing Critical
Technology Parameter

In next 5 to 10 years:
Nondetectable in radar frequency range.

Integrated with LPI limited-range, forward-looking sensor and terrain databases for
better situational awareness in low-altitude terrain avoidance.

Altitude accuracy:
+ 1 foot at 0 to 5,000 ft.
+ 25 feet at 5,000 to 60,000 ft.

Critical Materials

None identified.

Unique Test, Production,

Inspection Equipment

None identified.

Unique Software

Cross-correlation algorithms and verified data.

Technical Issues

Ability to determine height above terrain, as well as height above obstacle (i.e., trees
and buildings).

Expand technology to include Doppler navigation systems.

Major Commercial

General aviation, particularly helicopters. However, commercial applications are very

aRplEaions limited at this time.
Affordability The all-digital approach will result in decreasing cost and increasing applications,
including commercial.
RATIONALE

The use of power management and phase-shift key modutationeghe emittedpower ofthe radaraltimeter
system resulting in @ecreasedietectabilityand covert (stealth) operation. Altitude abogeound is a critical
parameteffor military andcommercial aircraftLPl imagingradarsuse a millimeter-waveadarthat is scanned to
provide all-weather imaging. The application is for terrain following and landing approaches.

Joint Vision 2010 supports this technolobggcausesignaturereductionwill enhancethe ability to engage
adversaries anywhere the battlespacandimprove survivability offorceswho employ it. The JointWarfighting
S&T Plan identifies LPI sensors as key technology that wéthablerapid target searchand acquisition, battle
coordination and target selection, and handoff and engagement for prosecution of time-critical targets.

There are no special requirements for the U.S. Government taagegss tahis technology. Thigechnology
should be continuously monitored because of the substantial margin of caabiditkhat is critical tocontinued
U.S. superiority.

WORLDWIDE TECHNOLOGY ASSESSMENT

France oo Russia oo UK eeoe

United States oo

Germany oo

Legend: Extensive R&D  ®®°®® Significant R&D  ®®*® Moderate R&D ®® Limited R&D ©®

Worldwide researctefforts of this technology isvery limited due to its limited commercial applications.
Currently, the UK appears to be the leader.
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The following organizations have research programs:
* United States

— Honeywell — Litton
« UK

— GEC Marconi-Hazeltine
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DATA SHEET I11-16.3. DATA-BASED REFERENCED NAVIGATION SYSTEMS
(Data-Based Digital Terrain, Acoustic, Bathymetric, Electromagnetic
Spectrum, Magnetic, Gravity, and Stellar Referenced Navigation)

Developing Critical In next 5 to 10 years:
Technology Parameter

Accuracy < 5- to 10-m grid accuracy.

Critical Materials None identified.
Unique Test, Production, Unique computer test models for optimization of database manipulation and extraction.
Inspection Equipment
Unique Software Algorithms for image correlation and pattern recognition. Integration and data analysis
algorithms and verified data.
Technical Issues Data processing rate and throughput.
Major Commercial Ground vehicle navigation, aircraft navigation, ship and submersible navigation
Applications surveying.
Affordability Lighter and less expensive will open more commercial applications.
RATIONALE

Further improvements to DBRNS expected to provide amutonomous navigation capability, wh&®S is
jammed or unavailable (i.e., urban areas). The following are the key data basmilthgirovide improveaccuracy
with or without GPS, as an autonomous navigation or terminal guidance system:

» Digital Terrain Elevation Data (DTED)

» Digital Feature Analysis Data (DFAD)

* The World Geodetic System (WGS 84)

* The Earth Gravitational Model (EGM 96)

e The International Terrestrial Reference Frame (ITRF).

The SRTM will collect radardataover more than 8@ercent ofthe Earth. This is a major stapward the
multi-Service requirement for DTED accuracy of 30 m by 2000. Table 16.3-1 showsojbetedimprovements in
DTED accuracy.

DFAD containsfeaturedataequivalent in featureontent to a 1:250,006cale topographimap. Sinceurban
warfare at the brigade-individual soldier level require higher resolution than current DTED and DFAD can provide, the
U.S. Army’s TRADOC Analysis Center provides higher resolution (30-m elevatidral:50,000scale or higher
topographic map).

Recent improvement in the EGM 96 hdecreasedibsolute height uncertainty from 2—6 metersojlto
0.5-1 meter () worldwide. This will benefit not only GPS but also INScuracy Closely monitoring WGS and
ITRF has led to improvements in the level of agreement between WGS 84 and the ITRF wgltetimnation that
they can now be considered equivafent.

¢ www.trac.army.mil/trandata.htr

7 Refinements to the World Geodetic Syst&®84, by Stephen Malys, et al., NIMA.
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Table 16.3-1. Comparison of Current and Projected Digital Terrain
Elevation Data (DTED) Accuracy

Absolute Horizontal Absolute Vertical Time
Current DTED 50 m 90% CE 30 m 90% LE now
Expected DTED w/SRTM 20 m 90% CE 16 m 90% LE 2000+
Future Possibilities* 5-10 m 90% CE 5-10 m 90% LE 2015+

*  Requires more accurate determination of the space vehicle attitude/altitude for images.

The integration of three-dimensional digital terreiapsandother geo-mappingata (provided byNIMA and
U.S. Geological Survey’s National Mapping Division’s EROS) with hybrid INS/GPS systems could phaytidie
accurate position, velocity, and track under dynamic and covert conditions, even after loss of GPS signals.

The United Statesand Russia uses othelatabasessuch as bathymetric maps, to obtain submapiosition
fixes without surfacing. Therocess of generating the mapnsists of registeringndersedottom contours with
GPS position data on a surface ship. This thecomes thelatabasdor future map matchingboard asubmarine.
There are current studies exploring the feasibility of broad ocean bathymetric maps that would increase the number of
available sites for position fixing.

Joint Vision 2010 supports this technology as part of precision navigation thatrewltle increasedccuracy
and a widerrange of deliveryoptions. Advances inprecisenavigation will provide the capability todetermine
accuratdocations offriendly andenemy forces. Dominamhaneuverand precision engagementill entail higher
precision requirements, with longer ranges and more accurate targeting. The Navy plan also thigpertsology
for a precisenavigation system other th@PS. It iscritical to provide a backup t&PS, or asuccessosystem,
once the GPS technology becomes obsolete.

There are no special requirements for the U.S. Government taagedss tahis technology. Thigechnology
should be continuously monitored because of the substantial margin of capbliéidthat is critical tocontinued
U.S. superiority.

WORLDWIDE TECHNOLOGY ASSESSMENT

Canada oo China oo France oo Germany eeoe
India ® Israel oo Italy o Japan oee
Russia oo South Africa o Sweden ° UK oee
Ukraine ee United States eee

Legend: Extensive R&D  ®®°®® Significant R&D  ®®® Moderate R&D ®® Limited R&D ®

The United Sates, UK, Germany, FrancadJapanareleadingnations thathavedeveloped end-use products
that use DBRN, particularly for commercial applications. €Rpected increasatgse of commercial vehicleaviga-
tion systems should increase the investment in more accurate DBRN systems worldwide. Military apptmaldons
build on the commercial investments.

Russia haslevelopedhe use of magnetiarrays toimprove compensation for DBRNystems. ThdJnited
States and Russia uses bathymetric maps to obtain submarine position fixes without surfacing.

The following organizations have active research programs:
 United States
— Boeing — Lockheed Martin
— Northrop Grumman — Rockwell
« Germany
— LITEF
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UK

— British Aerospace
Israel

— Elbit

Japan

— Mitsubishi
France

— Airbus Industries
— Thomson CSF

— Smith Industries

— SNECMA
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DATA SHEET 111-16.3. GNSS ANTI-JAM COMPONENTS AND SYSTEMS

(ADAPTIVE ANTENNA SYSTEMS)

Developing Critical
Technology Parameter

In next 5 to 10 years:

Fully integrated multiple-element antenna array and antenna electronics (e.g., signal
processing unit). Interface to GPS receiver: RF or intermediate frequency (IF) signal.

Creates nearly uniform hemispherical gain pattern when there is no external RF
interference. Gain better than — 3.5 dB (over a 160-deg solid angle).

Creates, in the presence of multiple RF sources, a null in the direction of unintentional
or intentional interference signals.

Null depth > 25 dB.
Adaptive speed < 10 microseconds.

Creates, in the presence of multiple RF sources, an antenna gain in the direction
desired GPS satellite: gain > 10 dB.

Overall processing gain: GPS receiver, antenna, and antenna electronics: > 61 dB
total.

Critical Materials

Materials to implement low-observable requirements may or may not be used.

Unique Test, Production,
Inspection Equipment

Test suppression capability verified at NAVSTAR GPS L2 or L1 frequencies.
Test scenario(s) used
GPS signal in space (SIS), or

GPS signal simulator which generates the GPS wave front. (Simulated RF
interference source injected or not injected in test scenario.)

Operating bandwidth > 20 MHz (centered at L1 or L2).

Characteristic or types of RF interference source used (i.e., wideband Gaussian,
phase/frequency modulation, spread spectrum, pulse).

Key characteristics of interference source or jammer:
Range to receiver: 10 to 100 km.
Effective radiated power: 10 mW to 100 kW.

A signal line replaceable unit design that features a multiple-element antenna: an array
of four elements, minimum.

Unique Software

Features validated null-steering, beam-steering, or beam-pointing algorithms.
Features validated space-time adaptive processor (STAP) algorithm.
Features validated space-frequency adaptive processor (SFAP) algorithms.

Technical Issues

Need a well calibrated antenna (i.e., gain and phase matching of antenna elements),
small antenna size, digitization of anti-jam (AJ) components for cost reduction,
efficient beamforming, improved receiver technology (i.e., more channels, better
correlation).

Premature release of military-exclusive interference suppression technology into non-
military sector.

Fundamental RF interference suppression research (and associated publications)
reside in science/engineering work at academia or other science institutions.
Research, coupled with know-how leads to formulation of information that exploits
capabilities or weaknesses.

Major Commercial
Applications

Commercial aviation, maritime, and land navigation.
Telecommunications.

Affordability

Increased commercialization will significantly reduce cost.
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RATIONALE

Anti-jam GPS components and systems;h as aradaptive antennaystem,combinedwith high DSPand a
closely coupled hybridGPS/INS, will optimizeantennacoveragepatterns to specifisignal and interference
environments. This will produce an antenna patteith nulls in thedirection ofbroadbandammers very quickly.
Better time accuracy or DSP techniques will allow rapid @R&:t-Y codeacquisition,andthe use of autonomous,
low-power clocks will minimize GPS jamming and loss of satellite signal.

Spacetime adaptiveprocessing (STAP) for anti-jam capability is an actiesearch arealhe technology is
critical for optimizing adaptive antenna systems.

This technology is supported at the national level:
» Presidential Decision Directive NSTC-6 U.S. GPS Policy, March 1996.

» White HouseOffice Scienceand Technology PolicyandNational Sciencend Technology Counciteport
The GPS: Assessing National PoliclesRAND, 1995.

» Congressionalirection to DoD, National Academy ofSciencesand the National Academy of Public
Administration reporfThe GPS: ASharedNational Asset: Recommendatiofe Technicallmprovements
and Enhancement$996.

» Report, Defense Science Board Task Force on GPS (1995) and GPS Phase II, 1997.
* Report, U.S. Air Force Scientific Advisory Boa@PS Survivability and Denial,993.

The Joint Warfighting S&T Plan identifies GPS jamming as a limitation and anti-jam GPS technology as key
to enabling rapid targetearchand acquisition, battlecoordinationandtarget selectionand handoff anéngagement
for prosecution of time-critical targets.

There are no special requirements for the U.S. Government taagegss tahis technology. Thigechnology
should be continuously monitored because of the substantial margin of caabiditkhat is critical tocontinued
U.S. superiority.

WORLDWIDE TECHNOLOGY ASSESSMENT

Australia oo Canada oo China oo Czech Republic ®®
France oeo Germany oo India o Israel oo
Italy oo Japan o Netherlands oo Norway °
Russia oo South Africa ® South Korea ® Sweden hd
Taiwan d UK eee Ukraine ® United States oo
Legend: Extensive R&D  ®®°®® Significant R&D ®®® Moderate R&D ©® Limited R&D ®

Anti-jam componentsare acritical military technology for use of satellite navigation systems ihigh
jamming environment. Anti-jam technology will be a high-cost component of GPS in the future.chlamyies
have expressed concern in multinational meetings about the low funding levels that are being projectedatdi-solve
jam problems of the future. Jamming of GR&n be deliberate or inadvertent inhah-electronics-activity
environment. With more use of GPS as fhignary navigation systenparticularly for commerciahviation, this
could increase commercial investment. Currently, the United States is the leader in this research.

The following organizations have active research programs:
* United States

— DARPA — Lockheed Martin
— MIT Lincoln Labs — Northrop Grumman
— Raytheon — USAF Research Labs
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DATA SHEET 111-16.3. GNSS ANTI-JAM COMPONENTS AND SUBSYSTEMS

(ADAPTIVE NARROWBAND FILTERS)

Developing Critical
Technology Parameter

In next 5 to 10 years:
Receive, condition, and convert GPS RF signal to digital IF signal.

Apply time, frequency, or amplitude-domain signal-processing techniques to remove
interference signal that exists above thermal noise level.

—Temporal (time) adaptive transversal filter performance 30 dB [narrow band (NB)].

—Spectral (frequency) digital excision filter performance 30 dB [continuous wave
(CW)].

—Nonlinear amplitude domain processor performance 20 dB (CW).

Critical Materials

None identified.

Inspection Equipment

Unique Test, Production,

Need to test against a representative jamming environment (i.e., wide variety of jammer
signal characteristics and output powers).

Unique Software

None identified.

Technical Issues

Need a well calibrated antenna (i.e., gain and phase matching of antenna elements),
small antenna size, digitization of anti-jam (AJ) components for cost reduction,
efficient beam forming improved receiver technology (i.e., more channels, better
correlation).

Major Commercial
Applications

Commercial aviation, maritime navigation.

Affordability

Increased commercialization will significantly reduce cost.

RATIONALE

Anti-jam GPS components and systesgh as amdaptive antennaystem,combinedwith high-speed DSP
and aclosely coupled hybridGPS/INS will optimizeantennacoveragepatterns to specifisignal and interference
environments. This will produce an antenna pattgith nulls in thedirection ofbroadbandammers very quickly.

Better time accuracy and DSP will allow rapid GPS direct-Y code acquisition, and the use of autofmmposer
clocks will minimize GPS jamming and loss of satellite signal.

This technology is supported at the national level:
» Presidential Decision Directive NSTC-6 U.S. GPS Policy, Mar 96.

e White HouseOffice Scienceand Technology PolicyandNational Scienceind Technology Councifeport
The GPS: Assessing National Polickes RAND, 1995.

» Congressionalirection to DoD, National Academy ofSciencesand the National Academy of Public

Administration reporThe GPS: ASharedNational Asset: Recommendatiofte Technicallmprovements

and Enhancement$996.
* Report, Defense Science Board Task Force on GPS (1995) and GPS Phase 11 (1997).
e Report, U.S. Air Force Scientific Advisory Boa@PS Survivability and Denial,993.

The Joint Vision 2010 and the Joint Warfighting S&T Pildentifies GPS jamming as a limitatioand anti-
jam GPS technology as key that w#hablerapid target searchand acquisition, battlecoordination and target
selection, and handoff and engagement for prosecution of time-critical targets.
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There are no special requirements for the U.S. Government tagegss tahis technology. Thigechnology
should be continuously monitored because of the substantial margin of caabiitkhat is critical tocontinued
U.S. superiority.

WORLDWIDE TECHNOLOGY ASSESSMENT

Australia oo Canada oo China oo Czech Republic ®®
France oo Germany eeoe India o Israel oe
Italy oo Japan o Netherlands oo Norway °
Russia oo South Africa o South Korea o Sweden o
Taiwan ® UK eeeo Ukraine o United States eeee
Legend: Extensive R&D  ®®°®® Significant R&D  ®®*® Moderate R&D ®® Limited R&D ©®

Anti-jam componentsare acritical military technology for use of satellite navigation systems ihigh
jamming environment. Anti-jam technology will be a high cost component of GPS in the future.cblartyies
have expressed concern in multinational meetings about the low funding levels that are being projectedatdi-solve
jam problems of the future. Jamming of GR&n be deliberate or inadvertent inhagh-electronics-activity
environment. With more use of GPS as fhignary navigation systenparticularly for commerciahviation, this
could increase commercial investment. Currently, the United States is the leader in this research.

The following organizations have active research programs:
* United States
— DARPA — Johns Hopkins (wideband)
— Naval Research Lab — USAF Research Labs

Significant R&D is being conducted on narrow bandwidth and frequency agile filters to eliminate co-site and co-
channel interference incommunication systems. DARPA is investing ivery narrow high-temperature
superconducting filters with fixed frequency.
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DATA SHEET 111-16.3. MULTI-CHIP MODULE (MCM) TECHNOLOGY
(GPS ON A CHIP)

Developing Critical In next 2 to 5 years:
Technology Parameter

Will achieve GPS capability of less than 0.3 m. Ability to track 24 satellites. Dual
frequencies. P-code and codeless.

Receiver power consumption: < 150 mW.

Signal and bandwidth processing power > 10X current commercial GPS receivers.

Weight 0.5 kg.
Critical Materials None identified.
Unique Test, Production, None identified.
Inspection Equipment
Unique Software Spread spectrum technology.
Technical Issues Antenna designs and power level. Miniature antenna technology such as RFID may be
a leveraging technology.
Major Commercial Commercial land, aviation, and maritime navigation.
Applications
Cellular phone location, child locator system.
Affordability Reduced size and increased commercialization will significantly reduce cost.
RATIONALE

This commercially driven electronics packaging technology will significaretiyicethe cost of GPSeceivers
andprovide a veryaffordablelocation awarenesgapability to any portable platform. The largest markethi$
technology is the car navigation system and telecommunications. Its usage is expected to quadruple by year 2001 and
substantially reduce the cost of GPS receivers for both commercial and military use.

The foundation has beelaid by research done undé¢he DARPA Global Mobile program abtanford
University to enable the commercial version of GPS to be built on a chip using CMOS technologyuifitane
development igequired,but it is likely that such alevice could be available orthe commercial marketithin
3 years.

The JointWarfightersS&T Planidentifies GPS miniaturization as a key technology that \eitlablerapid
target search and acquisition, battle coordination and target selestibhandoff anéngagement for prosecution of
time-critical targets.

There are no special requirements for the U.S. Government teagegss tahis technology. Thigechnology
should be continuously monitored because of the substantial margin of capaliitkhat is critical tocontinued
U.S. superiority.

WORLDWIDE TECHNOLOGY ASSESSMENT

Canada oo China o France oo Germany oee
India ® Israel ee Italy ® Japan oo
Norway ® Russia oo South Korea o Sweden °
Switzerland oo Taiwan o UK eoe Ukraine ®
United States oo

Legend: Extensive R&D  ®®°®® Significant R&D  ®®*® Moderate R&D ®® Limited R&D ©®
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This is strictly a matter of economics. Thandamentatechnology for mixed lineaand digital application-
specific integrateccircuits (ASIC) is well knownand usedthroughout thesemiconductortechnology. The
improvements in this area are, in fact, driven by the commercial telecommunications industry.

Research inthis technology ispresent throughout thimdustrialized world. Atpresent, theUnited States
appears to be the leader.

The following organization have active research programs:

United States

— Axiom Navigation -
— Garman
— Genesis -
— Hughes -
— Joint Propulsion Lab -
— Magellan -

— Rockwell -

— Stanford University -
Canada

— Canadian Marconi -
- SIGEM

Switzerland

—  MbloxAG

Taiwan

— LeadTek Research
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— General Dynamics

Honeywell

Interstate Electronics

Litton

Motorola
SiRF Technology

Trimble

Novatel



SECTION 16.4—MAGNETOMETERS AND MAGNETIC GRADIOMETERS

Highlights

* Magnetometer and magnetic gradiometer technology varies with applications and cost. Anticipate mgre use
of low-cost fiber-optic and torsion sensors for land-based usage and optically pumped technology for sea-
based detection and classification.

* Magnetometer sensor arrays, a covert detection and classification technology, will be more viable be¢ause of
accurate time sequencing, computer speed, and memory advances, providing increased detection and location
of submarines, mines, and mobile missiles.

» Knowledge of position, GNSS time, and better computational capabilities using optical processing/
correlation will greatly enhance magnetic array detection performance.

* Newly developed potassium and helium-4 optically pumped magnetometers are demonstrating perforfpnance
comparable to superconductive quantum interference device (SQUID) magnetometers at low cost. Mddical
research and diagnostics is major funding source for future of SQUID sensors and possibly for potasgium, if
sensor can be reduced in size. Magnetic gradiometers, utilizing either the SQUID or potassium techrjologies,
nearly eliminate the natural geomagnetic background noise.

* High T, SQUID technology has matured since its inception in 1987 to the point where nitrogen-cooled
superconducting sensors are rivaling their lQuedunterpart. Use of giant magnetoresistive (GMR) sensprs
is projected for a number of applications for which cost, size, and power are driving factors.

* Magnetic sensor use for nondestructive testing and inspection of vehicle integrity will increase.

OVERVIEW

Magnetometerand magneticgradiometers are ahterest to the militarybecause otheir covertdetection,
signature classification, and position determination capability. Although magnetic senslingctidn isthought to
be of secondaryse by the militarythere is aneed toprovide low-cost mapreferencing ofmagnetic northand to
maintain magnetic databases using magnetic sensors. Maheadiing can be sensed byl value, for instance,
or computed bysubtracting magnetic variation from the trhbeading sensed by diNS. Magnetic variation is
obtained from a mapatabaseandcan be used imany formatsand accuracyevels. The use of trukeading vice
magnetic heading by the majority of navigation applications has \mestly increased bythe quantities of INS and
GPS in military and commercial applications in the past 10 years. Using computtdimafuesdatabases with
prior or real-time magnetifield datafrom magnetometearrays can be used teducethe spatialand temporal
backgroundhoise in thedetection of landvehicles, submarines, or mindsicreasingthe signal-to-noise ratio of
magnetic sensors is a majfactor in improving magnetic applications by the military. Both tHevelopment
technologyandthe production technologgire military critical. Magnetic sensor types of special inteliastude
fluxgate, SQUID,nuclearprecession, optically pumped, fiber-optamd induction coil. Figure 16.4-brovides a
comparison of thecurrent spectral densitgnd frequencyange ofthese sensor types. Figure 16.4#@vides a
projected capability for these sensors within the next 15 years.

The performance possibleith the more sensitive SQUID, optically pumpeaddinduction-coil technologies
will improve, and the cost and size of these sensors will come down. At the same time, other technoldgies that
demonstratedimited performance incomparison to theuperconductingnd total-field technologieswill probably
become competitive. Thin-film GMR sensor technology appears at presprivide amost promising possibility
(see Figure 16.4-2). Using GMR technology, nonvolatiiedom accessmemory will have lower power consump-
tion and faster access speeds. GMR circuits, transformers, and logic gates are also viable.

For details on mine countermeasures, see Section 17.7.
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On the one hand, the sensitivity of these sensors will likely increase, and applications involving muitgple

of low-cost, short-range, remote sensoilt evolve. Active electromagnetic detection of a targetminated by a
low-frequency magnetic or electrical-current source, currently utilizethfiormine detection,will likely be utilized

in a wider range of applications as underlying sensor technaladjyignal processing capabilities improweurther
advances in microelectroniasiost significantly in thearea ofhigh dynamic rangernultichannel,analog-to-digital
converter technology and DSP, widhhancecapabilitiesand significantly reducecost and complexity of theunder-
lying sensor technologieShese factorswill make concepténvolving multiple units of low-costshort-range
distributed sensors more attracti@milarly, advancements imicroelectronicswill increase magnetic-senstapa-
bilities on-board magnetically noisy platforms through large-scale use of distributed sensors monitgpiatfaitme
noise.

RATIONALE

Magnetometerand magneticgradiometers arkey elements of magnetic anomalgtectorsystems foranti-
submarine warfare, mine fuses, intrusion and ordnance detgmtixinity detection (distance ttarget),underwater
mine detection,andactive degaussingystems. Magnetic sensors intactical missile can be used to detect and
localize a target, such as a tank, from the background magnetic field variations.

Another application is todetermineposition for navigational purposes relative to databasecontaining
previously surveyedmagneticfield information. Deployment ofdditional magnetic observatories in op@&cean
areaswill permit magneticmodels to bedevelopedwith 1-deg RMS magnetic variationworldwide, and the
possibility ofreduction t00.5 by 2015 existsDual-use applicationinclude clinical diagnosticsand geophysical
applications. Commercial users magaptthe use of magnetometer arraysjt the main initial (developing)
application is military. Ocean bottom arrays, as depicted in Figure 16.4-3, can be as¢ect@ncdlassify vessels.
Land-based arrays, as depictedrigure 16.4-4,can measuréme-varying natural noise fairborne compensation.
Of special concern are compensation methods for platfeotion and other self-inducedmagnetic noise. The main
differences between military and commercial use are the real-time accuracy requirements for operationdvang a
base and the detection and classification capability. There has not been significant progdeasdimgthe state of
the art of magnetic sensors in the padatadewith the possible exception of thadevelopment othe potassium
optically pumped sensor. The experimental results for the potassium sensor gives a magnetic sensor noise level of
10 microgamma (I tesla rms) pe¥Hz. Work continues orfurther development othis new class of sensor.
Before the advent of these potassium sensors, the instrument noise level for the best optcafiged
magnetometers was abouk 30 tesla rms pevHz, about two orders of magnitude inferior to the nedegyeloped
potassium sensors. Potassiugnadiometer accuracyiow equals SQUID capabilities, but without théow-
temperature logistic and motion problems of SQUIDS. SQUIDS are veetges andnore susceptible to motion-
inducedeffects. A potassiumgradiometer is a scalar devia@nd anRMS noise of 10microgammas/meter (or
10 tesla/meter) atl0-second period$as beenachieved. Potassium gradiometer technology permitsnear
elimination of time-varying geomagnetic noise. Laser pumping will improve accuracy by a factor of 2 to 3.

During the lastdecademultiple-channel, short-baseline tenggradiometerautilizing low-critical-temperature
(low T,) SQUIDs have beedeployedfrom underwatetow systemsand have demonstrated an effectiv@eans to
detect,localize, and classify seamines and explodedbrdinance.During the same timeframe, a high BQUID
technology utilizing liquid nitrogen for cooling has matured. Higls@nsors are of interest for military applications
becausanitrogen coolingreducedogistic issuesand permits smallempackagesizes, compared tolow T, SQUID
sensors thatequire liquid helium for cooling. Significantprogress inthis technology had®een madeHigh T,
magnetometers hawdemonstratedensitivities of 100 microgamma (10tesla) pervHz at 0.1 Hz. Thisfigure
should be compared to the performance of 10 microgammé-zeat 0.1 Hz that has beeeportedfor both low T,
superconducting magnetometairred potassium opticalljpumpedmagnetometers. Further sensitivitycreases are
expected as high,manufacturing technology improves.

For trackingand homing applications in which less sensitivity asceptableput cost, size, weight, and
logistics areimportant factors, a multichannel tensgnadiometerhas beerdevelopedusing fluxgate technology.
This fluxgate gradiometer is especially useful for providing precise localization in man-portable operations.
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Compensation Process

The major advances in magnetometry during thedestde or sthave beerthe emergence of precidecation
andtime informationandthe availability of greatlyenhanceccomputation capabilities. As these capabilities are
introduced into magnetometry systems, the effectiveness of such sysisltidesignificantly enhanced. There are
four scenarios that will illustrate this potential improvement:

1.

Fixed Array of Sensors. When afixed array ofsensors isused onthe ground or underwater, the
increased knowledge qiosition andtime are coupled to enhandbe computatiorpower because of the
synergisticeffect of the array. The spectraknergy densityfunctions for environmental noisean be
precisely deduced. Then, in the presence of a signal of interest, the special density functionagfntte
signatures of interest can be extracted flmankgroundhoise andthus provide an improve@®NR than that
realizablewithout the use oEnergy spectral density techniquEsr instancearrays of three component
magnetometers oland or onthe oceanbottom havethe potential ofreducingtime-varying geomagnetic
background “noise” by 80 percent arore. This time-varying magnetibackgroundnoise is amajor
impediment to detection of the magnetic anomaly signals from mines or submes#pesdingupon the
operational scenario (sensooise, geology motion, etc.). By placirthree to five magnetometers at
distances of 10 td00 kilometersgradientsand amplitudes of natural pulsations may imeasured. By
using previouslydeterminedransferfunctions (based orgeologic structur@ndexperiment), the pulsation
field may beextrapolated to alistant point at sea. Thpredictedfield for the distantpoint may be
telemetered to aantisubmarinevarfare(ASW) aircraft. Theseredictedfields may besubtractedrom the
airborne magnetometer output in near real time to significantly increase the signal-to-noiaadpéonit
detection of submarine magnetic anomaly signals at greater ranges. Figure 16.4-4 is a graphic display of the
remote real-time compensation process.

Moving Array of Sensors. If the magnetometry system consist of one or more moving selog@d
behind a ship or plane, the abilifgr preciseposition, orientationaltitude (or depth)etc., of thevarious
sensors can be deduced and the backgroaisg spectral densityeterminedThis will enhancehe signal-
to-noise ratio determination of targets of interest.

Target Recognition. With the enhanced knowledge of locatiand orientation of the variousensor(s)
when the sensor(s) and target(s) are in relative motion, the SNR will be enhanced asoptiateave. For
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a typical ASW application, the sens@®remote from the targegindthus the targetan betreated as a
simple dipole andthe “inverse problem,” that is,deducingthe locationand moment of thetarget(s) of
interest from the magneti@ld contours, is relativelgtraightforward. However, ithosescenarioswhen

the targetandsensorsare nearby(that is, when the length of the target or the lateral dimensions of the
sensor array are comparable to or less than the distance betweeartdsgtsorarray), the targetmust be
represented bydipole as well as higharderpoles. In thiscase, the extraction of the magnetic signature
from the magnetidield contours is verfdemanding orcomputation powermequiring precisanformation
about the sensor position, orientation, etc. Thus, fthhere development of “smart” magnetic sensor
systems requires precise position and time information as well as massive computation capabilities.

— The ability toincrease knowledge dbcations, time, etc., irpackageghat can be utilized in cost-
effective magnetic sensors and sensor arrays is very crucial to these enhanced magnetometer systems.

— The development of computersth enhancedapability (bothspeed ananemory)andwith very low
power consumption is crucial for the maturing of these enhanced magnetic detection systems.

4. Submarine Electric Fields. Dissimilar metals odifferences in surfacproperties of the same metal
give rise to “corrosion” currents flowing in salt water in the vicinity of a submarine. The cupredigce a
static electric dipole alignedvith the longitudinal axis of the submarine. Thiscalled the “submarine
electric dipole moment” and is quite variable. The dipoment, in turnproduces anagnetic field. This
electric dipole-producedEDP) magnetidield falls off as the inversesquare ofdistance,unlike the well-
known “hull anomaly” magnetic field, which falls off the inversebe of distanceThis meansthat,
although the EDP magnetic anomaly has a smaller magnetic moment than the hull anosaiye at
distance the magnetic field from the electric dipole will begin to get larger than that from thedmént.

In the past, magnetometers were not sensitive enoudhbtéatthis EDP magnetidield anomaly, but the
advent of the potassium magnetometer means that it may be detectable.

The same “corrosion” currentee modulated by differences #lectrical resistance betwedhe journal
bearings and the propeller shaft as rotation occurs. The modulation will be at the shaft ratatiod its
multiples. This phenomena gives rise to an oscillaglegtromagnetic fieldvhich propagates through the
water and into the air[extremely low-frequencyemission (ELFE) signal]. The high sensitivity of the
potassium magnetometer promises much greater range for the detection of this signal.

WORLDWIDE TECHNOLOGY ASSESSMENT

Depending ormilitary andcommercialuses, many countries, such as France, Gern@aryadaRussia, and
the Ukraine, have developed acapability in most of thediffering magnetometetand magnetic gradiometer
technologies.Canada leadthe world in fluxgate sensors; Russia hasveloped aunique potassium-resonance
magnetometer capability; thénited Statesleads inSQUID development fomilitary; andJapan, Russid/Jkraine,
and Germanylead in civil clinical applications. A joint RussianCanadian,and U.S. team has built optically
pumped potassium magnetometers and gradiometers. The potassium magnetdoastst @ greliminary design
originally funded by the Soviet Navy in the late 1980’s. This magnetometer has achieved noiseolapeaisble to
SQUIDs. The potassiumagnetometedoesnot suffer from the requirementfor cryogenicsupport systems and
motion compensationechniques ofSQUIDs. This potassiummagnetometer should beonsidered acritical
development because the nation deploying it for submdgtectionwill enjoy a noise level rders of magnitude
less than that of systenueployed bythe U.S.Navy andothers. This translates to a possilile-fold increase in
detection range. When employed as a gradiometeha#t theadvantage of neatancellation of time-varying
geomagnetic background noise (geomagrmiisations). The rms noise level of a single potassiusgnetometer
has beemeasured as 1ficrogammas (14 femto tesla) @l Hz. The noise level of a 2-mgradiometer is
10 microgammas (10 femteesla) per meter a0.1 Hz. These measurementsere madewith two complete
gradiometeroperatingside by side irthe real Earth field. In an experimewbnducted akavgolovo (a test site
northeast of Saint Petersburg, Russia) it was shown that laser pumping (versus lamp pconfdnfy)ytherreduce
the noise by a factor of 3. Relative to ELFE, propeller-shaft rotation modulates corrosion currents in th@-13z to
range. Russia has deployed sensors on the ocean bottom and detected this phenomenon. China and Japan have limited
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but expandingcapabilities inseveral magnetometéechnologies. Although th&nited Statesleads in platform
motion compensation, Russia appears to have the lead in the use of compensation using magnetic sensor arrays.

Magnetic
Country Magnetometers Gradiometers
Australia L o0
Austria oo °
Brazil ° °
Canada (XX YY)
China oo °
Czech Republic ® °
Finland eoeo XY
France (XX YY)
Germany (XL eeoe
Hungary ° °
India (X (X
Israel eoe YY)
Italy oo oo
Japan (XX YY)
Netherlands oo (X}
Poland ° °
Romania ° °
Russia (XX} XY
Slovak Republic b o
South Africa oo X
South Korea oo (X
Spain oo o0
Sweden ° °
Switzerland L )
Taiwan ° °
UK (X X ) YY)
Ukraine oo (X
United States oooe (XXX}
Legend: Extensive R&D  ®®°®® Significant R&D  ®®*® Moderate R&D ®® Limited R&D ®

Figure 16.4-5. Magnetometers and Magnetic Gradiometers WTA Summary
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DATA SHEET I11-16.4. SQUID MAGNETOMETERS

Developing Critical .
Technology Parameter In next5 to10 years:

Noise level < 0.03 nanotesla (nT) rms/vHz.

Critical Materials None identified.

Unique Test, Production, Magnetic contamination control area with field gradient < 0.1 nT/meter.

Inspection Equipment

Unique Software Algorithms and verified data for real-time magnetic compensation and detection
(improvement > 10 to 1) for operation on mobile platforms and/or using arrays.

Technical Issues Low noise level; field deployment problems; requires cryogenic environment; magnetic
contamination. Commercial technology suitable for military application.

Major Commercial Resource exploration, nondestructive testing, and medical imaging.

Applications

Affordability Medical imaging is funding driver.

RATIONALE

In general, magnetometers and magngtaddiometers arkey elements of magnetic anomalgtectorsystems
for ASW, mine fuses, intrusioand ordnanceletection,proximity detection (distance ttarget), underwatermine
detection,and active degaussingystems. SQUID magnetometers, in particuéag very accurateThey are key
elements of magnetic anomadgtectorsandcovert detectiorand are used iIASW, mine hunting, geologyarea
surveillance, threat classificatioand nondestructivetesting. Theyhave an inherentogistic requirementfor a
cryogen, liquid helium, or liquid nitrogen for superconducting operation.

Magnetometers on moving baseare aPOSITIME-influencedechnologybecause ofhe interrelationship of
magnetic data with position and tinaadthe needfor velocity andverticality compensation on a movimatform
for sensor stabilization. Themergence of precidecation and time informationduring the lastdecadeand the
availability of greatlyenhancedccomputation capabilities hamproved the effectiveness ofthese magnetometry
systems. During the lagtecade multiple-channel, short-baseline tensor gradiometatifizing low T, SQUIDs
cooled by liquid helium, have been deployed from underwater tow systahiive demonstrated an effective means
to detect/ocalize,and classify seaminesand explodedrdinance During the same time frame, a high $QUID
technology utilizingliquid nitrogen for cooling hasnatured. This problem oflow-temperature operation also
introducesthe self-generatedhoise of the coolinglevice ormethod. SQUIDSare vector deviceswhich can be
packaged into compact, multichannel, teng@diometers capable of precisealizationandclassification acom-
pared tototal-field sensorsBecausehey arevector devicesthey are more susceptible tanotion-induced effects.
Approaches have been developed and demonstrated to compenbath feensor-intrinsiand motion-induced noise
to obtain operational usefulness wiktreme accuracydHigh T, sensorsare of interest for military applications
because nitrogen cooling reduces logistic isarepermits smallepackagesizes tharrequiredfor low T, SQUID
sensors, whichiequireliquid helium for cooling. Thedevelopment of nonmagnetic closed-lomgrigeratorswill
eventually eliminate the logistic tdibr passive nitrogerooling. Significantprogress in high Jtechnology has
been madeHigh T. magnetometers hawdemonstrategensitivities of 100 microgamma (1dtesla) pervHz at
0.1 Hz. This figure should becompared tahe performance of 1@nicrogamma pevHz at 0.1 Hz that habeen
reportedfor both low T, superconducting magnetometersd potassium opticalljpumpedmagnetometers. Further
sensitivity increases are expected as higmanufacturing technology improves.

Relative to JCS Vision 201&QUID magnetometers have precision engagemgplications.There are no
special requirements for the U.S. Government to gain access to this technology. The substantial margin of capability
added is critical to continued U.S. superiority.
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WORLDWIDE TECHNOLOGY ASSESSMENT

Australia oo Austria o Brazil o Canada oo
China ® Denmark oo Finland oo France ®
Germany ecee Hungary ° India o Israel ®
Italy ee Japan eee Netherlands ee Poland ®
Romania ® Russia oo Slovak Republic ® South Africa °
South Korea oo Spain o Sweden o Switzerland °
Taiwan ° UK oo Ukraine o United States eeee
Legend: Extensive R&D  ®®°®® Significant R&D  ®®*® Moderate R&D ®® Limited R&D ©®

Commercial interests are advancing tlewvelopmentand production ofthis technology. Afew countrieshave
elected to be dominant in magnetometer technologies, while @tregrassivebecause oéconomic considerations.
At present, the United States and Germany appear to be the leaders.

The following organizations have active research programs:
* United States
— Magnesonsors — Quantum Design
— Tristan
+ Canada
— Canadian Thin Films
« Germany
— Julicher SQUID G.m.b.H. — FIT Messtechnik GmbH
» Denmark

— NKT — Nonlinear Dynamics Group at
University of Denmark
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DATA SHEET 111-16.4. MAGNETOMETERS—ELECTRON RESONANCE
AND OPTICALLY PUMPED

Developing Critical .
Technology Parameter In next 5 1010 years:
Noise level < 0.03 nT rms/vHz.
Sensitivity 0.005 nT
Resolution 0.01 nT

Critical Materials None identified.

Unique Test, Production, Magnetic contamination control area with field gradient < 0.1 nT/meter.
Inspection Equipment

Unique Software Algorithms and verified data for real-time magnetic compensation and detection
(improvement > 10 to 1) for operation on mobile platforms and/or using arrays.

Technical Issues Indirect detection measurement of Earth’s electric field. Potassium sensors equal to
SQUID accuracy without logistic complication of low-temperature requirements.
Commercial equipment suitable for military applications.

Major Commercial Resource exploration.

Applications

Affordability Not an issue.
RATIONALE

In general, magnetometers and magngtadiometers arkey elements of magnetic anomalgtectorsystems
for ASW, mine fuses, intrusioand ordnanceéetection,proximity detection (distance ttarget), underwatermine
detection, and active degaussing systems. There have beenataoces irthe development of electroresonance
and optically pumped magnetometers. In a gradiometer configuration, with one magnetoeetbwatig tip of an
aircraft, an optically pumped magnetometer can promimteonly targetdetection,but canalso indicatethe position
of a target withrespect tathe aircraft. This offers a tremendous operatioredvantageover single-magnetometer
systems.

Magnetometers on moving baseare aPOSITIME-influencedechnologybecause othe interrelationship of
magnetic data with position and tinamdthe needfor velocity andverticality compensation on a movimatform
for sensor stabilization. Themergence of precidecationandtime information in the pastiecade or s@nd the
availability of greatlyenhanceccomputation capabilitiebave improvedhe effectiveness othese magnetometry
systems. The experimental results for the potassium sensor gives a magnetic sensor noise lew@rafdrma
(10**tesla rms) pevHz. Work continues on furthetevelopment othis new class of sensoBeforethe advent of
these potassium sensors, the instrument noise level for the best ogticalhed magnetometergas about 3x
102 tesla rmsper VHz, about twoorders of magnitude inferior to the newlgevelopedpotassium sensors.
Potassiumgradiometer accuracjow equalsSQUID capabilities, but without théow-temperaturelogistic and
motion problems of SQUIDSBecause oftheir accuracypotential, electron resonancand optically pumped
magnetometers have applications such as covert detection area survailldticeat classification. In addition, He4
sensors using laser pumpihgve beerdeveloped andiemonstrated thave performance of 8 1072 tesla rms per
VHz. These sensorare key elements of magnetic anomalgtectorsand can be used ilASW, mine hunting,
geology, and nondestructive testing.

' www.rmsinst.com/ct2.htmJuly 8, 1999.
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Relative to JCS Vision 201&lectron resonancand optically pumped magnetometers haapplication in
precision engagement. There are no special requirements for the U.S. Governmentatzasasrtchis technology.
The substantial margin of capability added is critical to continued U.S. superiority.

WORLDWIDE TECHNOLOGY ASSESSMENT

Australia oo Austria oo Brazil o Canada eeeo
China eee Czech Republic ® Finland oo France oee
Germany oeoe Hungary oo India o Israel oee
Italy ee Japan ee Netherlands ee Poland o
Romania ® Russia ecoe Slovak Republic ® South Africa oo
South Korea ° Spain o Sweden oo Switzerland oo
Taiwan ° UK oo Ukraine oo United States eeee
Legend: Extensive R&D  ®®°®® Significant R&D  ®®*® Moderate R&D ®® Limited R&D ©®

Commercial interests are advancing tlevelopmentand production ofthis technology. Afew countrieshave
elected to be dominant in magnetometer technologies, while @ttegrassivebecause oéconomic considerations.
At present, the United States, Russia, and Canada appear to be the leaders.

The following organizations have active research programs:

e United States

— Geometrics — Geophysical Research Institute
(University of New England)
— Polyatomic — Raytheon Systems (formerly Texas
Instruments)
+ Canada
— GEM Systems — Sander Geophysics Limited
— Scintrex
* Russia

— URALS State Technical University
(Laboratory of Quantum Magnetometry

+ UK
— AROLAB (Oxford University)
 China
— Ministry of Geology and Mineral
Resources
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DATA SHEET 1lI-16.4. MAGNETOMETERS—NUCLEAR PRECESSION

Developing Critical .
Technology Parameter In next 5 to 10 years:

Noise level < 0.03 nT rms/VHz.

Critical Materials None identified.
Unique Test, Production, Magnetic contamination control area with field gradient < 0.1 nT/meter.
Inspection Equipment
Unique Software Algorithms and verified data for real-time magnetic compensation and detection
(improvement > 10 to 1) for operation on mobile platforms and/or using arrays.
Technical Issues Magnetic contamination. Commercial equipment suitable for military applications.
Major Commercial Resource exploration.
Applications
Affordability Not an issue.
RATIONALE

In general, magnetometers and magngtadiometers arkey elements of magnetic anomalgtectorsystems
for ASW, mine fuses, intrusioand ordnanceletection,proximity detection (distance ttarget), underwatermine
detection, and active degaussing systems. There has not been significant pr@ghessscingthe state of the art of
magnetic sensors in the past decadigclearprocession magnetometers have covert detecapabilityand are key
elements of magnetic anomaly detectors, area surveillance, and threat classification. Other applicatiodsSM&lude
mine hunting,nondestructiveesting, and geology. Magnetometers onnaoving baseare a POSITIME-influenced
technologybecause ofhe interrelationship of magnetiatawith position andtime andthe needfor velocity and
verticality compensation on a moving platform for sensor stabilization.

Relative to JCS Vision 201Qyuclear procession magnetometers hprecision engagement applications.
There are no special requirements for the U.S. Government to gain access to this technology. The substantial margin
of capability added is critical to continued U.S. superiority.

WORLDWIDE TECHNOLOGY ASSESSMENT

Australia oo Austria oo Brazil o Canada eoee
China b Czech Republic ® Finland oo France oee
Germany eee Hungary ee India o Israel o
Italy oo Japan oo Netherlands oo Poland oo
Romania ° Russia oo Slovak Republic ® South Africa oo
South Korea ° Spain o Sweden oo Switzerland oo
Taiwan ® UK eeeo Ukraine oo United States oee
Legend: Extensive R&D  ®®°®® Significant R&D  ®®*® Moderate R&D ©® Limited R&D ©®

Commercial interests are advancing tlevelopmentnd production ofthis technology. Afew countrieshave
elected to be dominant in magnetometer technologies, while @tfegrassivebecause oéconomic considerations.
At present, Canada appears to be the leader.
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The following organizations have active research programs:

« United States

— Geometrics — Raytheon Systems
+ Canada

— GEM Systems — Scintrex
* Russia

— URALS State Technical University
(Laboratory of Quantum Magnetomeétry
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DATA SHEET I1I1-16.4. MAGNETOMETERS—INDUCTION COIL

Developing Critical .
Technology Parameter In next 5 to 10 years:

Noise level < 0.03 nT rms/VHz.

Critical Materials None identified.

Unique Test, Production, Magnetic contamination control area with field gradient < 0.1 nT/meter.

Inspection Equipment

Unique Software Algorithms and verified data for real-time magnetic compensation and detection
(improvement > 10 to 1) for operation on mobile platforms and/or using arrays.

Technical Issues Low noise level reduction of magnetic contamination, normally used for stationary
applications. Commercial equipment suitable for military applications.

Major Commercial Resource exploration.

Applications

Affordability Not an issue.

RATIONALE

In general, magnetometers and magngtaddiometers arkey elements of magnetic anomalgtectorsystems
for ASW, mine fuses, intrusioand ordnanceletection,proximity detection (distance ttarget), underwatermine
detection, and active degaussing systems. There has not been significant pr@ghesscingthe state of the art of
this magnetic sensing technology in the past decade.

Magnetometers on moving baseare aPOSITIME-influencedechnologybecause ofhe interrelationship of
magnetic data with position and tinaadthe needfor velocity andverticality compensation on a movimatform
for sensor stabilization. The major advances in magnetometry during the last decade or so have been the emergence of
preciselocationandtime informationandthe availability of greatlyenhanceccomputation capabilities. Athese
capabilitiesare introducednto magnetometry systems, tledfectiveness okuch systemsould besignificantly
enhanced. Induction coil magnetometers have the greatest change of spectral densigjdevéiequencyrange than
all other magnetic sensofseeFigure 16.4-1 for details). Theare used iPASW, mine hunting, geologysovert
detection,areasurveillance, nondestructiiesting and threat classification. Triaxial magnetic inductianagne-
tometers have been integratedh biaxial (leveling) inclinometers tprovide low-cost compass headingitch and
roll with a 10-nT resolution. Furtheresearch incomputationtechniques shouldmprove the accuracy.This
capability, whenhybridizedwith sonararray detectors, ideing applied to self-containedinderwaterbreathing
apparatus (SCUBA) marine research and detection.

Relative to JCS Vision 2010, induction-coil magnetometers have precision engagement applitati@nare
no special requirements fone U.S. Government to gairaccess tathis technology. The substantial margin of
capability added is critical to continued U.S. superiority.
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WORLDWIDE TECHNOLOGY ASSESSMENT

Australia ® Austria ® Brazil o Canada ®
China ® Czech Republic  ® Finland o France ®
Germany ° Hungary o India o Israel °
Italy ° Japan o Netherlands o Poland o
Romania ® Russia o Slovak Republic ® South Africa ®
South Korea ® Spain ° Sweden ° Switzerland ®
Taiwan ® UK ® Ukraine ® United States ®
Legend: Extensive R&D  ®°®°®® Significant R&D  ®®® Moderate R&D ®® Limited R&D ®

Commercial interests are advancing tlevelopmentind production ofthis technology. Afew countrieshave
elected to be dominant in magnetometer technologies, while @tregrassivebecause oéconomic considerations.
At present, the United States appears to be the leader.

The following organizations have active research programs:

* United States
- EMI — Precision Navigation
— Sonar and Magnetometer Company ZONG

* Russia

— URALS State Technical University
(Laboratory of Quantum Magnetometry
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DATA SHEET I11-16.4. MAGNETOMETERS—FIBER OPTIC

Developing Critical .
Technology Parameter In next 5 to 10 years:

Noise level < 0.8 nT rms/vVHz.

Critical Materials None identified.

Unique Test, Production, Magnetic contamination control area with field gradient < 0.1 nT/meter.

Inspection Equipment

Unique Software Algorithms and verified data for real-time magnetic compensation and detection
(improvement > 10 to 1) for operation on mobile platforms and/or using arrays.

Technical Issues Low noise level. Magnetic contamination, normally used for stationary applications.
Commercial equipment suitable for military applications.

Major Commercial Resource exploration.

Applications

Affordability Not an issue.

RATIONALE

In general, magnetometers and magngtaddiometers arkey elements of magnetic anomalgtectorsystems
for ASW, mine fuses, intrusioand ordnanceletection,proximity detection (distance ttarget), underwatermine
detection, and active degaussing systems. There has not been significant pr@ghesscingthe state of the art of
magnetic sensors in the past decade.

Magnetometers on moving baseare aPOSITIME-influencedechnologybecause ofhe interrelationship of
magnetic data with position and tinaadthe needfor velocity andverticality compensation on a movimatform
for sensor stabilization. The major advances in magnetometry during the last decade or so have been the emergence of
preciselocationandtime informationandthe availability of greatlyenhanceccomputation capabilities. Athese
capabilitiesare introducednto magnetometry systems, tledfectiveness okuch systemsould besignificantly
enhanced.Applications of fiber-optic magnetometénclude covert detectiorcapability, area surveillance, and
nondestructive testing.

Relative to JCS Vision 201&QUID magnetometers have precision engagemgplications.There are no
special requirements for the U.S. Government to gain access to this technology. The substantial margin of capability
added is critical to continued U.S. superiority.

WORLDWIDE TECHNOLOGY ASSESSMENT

Australia oo Austria o Brazil o Canada oo
China ® Czech Republic ® Finland o France ®
Germany b Hungary ° India oo Israel ®
Italy eee Japan eee Netherlands ee Poland ®
Romania ® Russia ecoe Slovak Republic ® South Africa oo
South Korea oee Spain o Sweden oo Switzerland °
Taiwan oo UK eoe Ukraine o United States eeeceo
Legend: Extensive R&D  ®®°®® Significant R&D  ®®*® Moderate R&D ®® Limited R&D ©®
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Commercial interests are advancing tlevelopmentind production ofthis technology. Afew countrieshave
elected to be dominant in magnetometer technologies, while @tregrassivebecause oéconomic considerations.
At present the United States and Russia are leaders.

The following organizations have active research programs in this technology:

e Russia

— URALS State Technical University
(Laboratory of Quantum Magnetomeétry
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DATA SHEET II1-16.4. MAGNETOMETERS—FLUX GATE (VALVE)

Developing Critical .
Technology Parameter In next 5 to 10 years:

Noise level < 0.05 nT rms/VHz at frequencies < 1 Hz and 107 nT rms per VHz at
> 1 Hz.

Continuing development.

Critical Materials None identified.

Unique Test, Production, Magnetic contamination control area with field gradient < 0.1 nT/meter.

Inspection Equipment

Unique Software Algorithms and verified data for real-time magnetic compensation and detection
(improvement > 10 to 1) for operation on mobile platforms and/or using arrays.

Technical Issues Only development and production technology should be controlled to reduce
proliferation. Magnetic contamination. Commercial equipment suitable for military
applications.

Major Commercial Resource exploration.

Applications

Affordability Not an issue.

RATIONALE

In general, magnetometers and magngtaddiometers arkey elements of magnetic anomalgtectorsystems
for ASW warfare,mine fuses, intrusiomnd ordnanceletection,proximity detection (distance ttarget),underwater
mine detection, and active degaussing systems. There has not been significant praghessscingthe state of the
art of many types of magnetic sensors in the pgasadeMagnetic sensing oflirection appears to be s&condary
use by the military. Flux valve technology has been regulated to the “not glamorous” category of “common” sensors
like the clock (see Section 16.9)hereis, however, aneed toprovide low-cost mapreferencing ofmagnetic north
and to maintain magneticddatabasegaising magnetic sensors. A serious lack kabwledge exists relative to
geolocation because of the increasing use of GPS as a sole means of naatghtinsition referencing. GPS does
not provide direction unless a significant change of position is detected and north is then computed fiasitidine
differences. Magnetic heading referencing by the use of flux valve is the least costly means oftlsislingblem.
Magnetic heading can be sensed byflax value, for instance, ocomputed bysubtracting a knowrmagnetic
variation from the truéheading sensed by dhS. All aircraft, ships, and many land vehicles require magnetic
heading(north) detection. A multichannel tensgradiometerhas beerdevelopedusing fluxgate technology for
trackingandhoming applications in which less sensitivityadsceptablebut cost, size, weightand logistics are
importantfactorscompared tasSQUID and total-field sensing technologies. Flugate gradiometerare especially
useful to provide precise localization in man-portable operations.

Relative to JCS Vision 2010, flux gafealve) magnetometers have precision engagemygpiications.There
are no specialequirements fothe U.S.Government to gailccess tahis technology. The substantial margin of
capability added is critical to continued U.S. superiority.
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WORLDWIDE TECHNOLOGY ASSESSMENT

Australia b Austria oo Brazil ° Canada eooe
China ® Czech Republic  ® Finland ee France oe
Germany oo Hungary oo Israel oo Japan oo
Netherlands ° Poland oo Russia oo South Africa oo
Sweden oo Switzerland oo UK oee Ukraine eee
United States eoee

Legend: Extensive R&D  ®°®°®® Significant R&D ®®® Moderate R&D ©® Limited R&D ®

Commercial interests are advancing tlevelopmentnd production ofthis technology. Afew countrieshave
elected to be dominant in magnetometer technologies, while @tregrassivebecause oéconomic considerations.
At present the United States and Canada are the leaders.

The following organizations have active research programs:

e United States

— Applied Physics — Billingsley
- EMD — GEM Systems
— Nanotesla — Quantum Magnetics
— Schoenstedt — Walker Scientific
* Russia

— URALS State Technical University
(Laboratory of Quantum Magnetometry

e Canada
— Narod
+ UK
— Bartington

* South Africa
— Hermanus Magnetics Observatory
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DATA SHEET 111-16.4. MAGNETIC GRADIOMETERS USING
MULTIPLE MAGNETOMETERS

Developing Critical ]
Technology Parameter In next 5 to 10 years:

Noise level of individual magnetometers of < 0.05 nT rms/vHz.

Critical Materials None identified.

Unique Test, Production, Magnetic contamination control area with field gradient < 0.1 nT/meter.

Inspection Equipment

Unique Software Algorithms and verified data for real-time magnetic compensation and detection
(improvement > 10 to 1) for operation on mobile platforms and/or using arrays.

Technical Issues Low noise level. Magnetic contamination. Commercial equipment suitable for military
applications.

Major Commercial Resource exploration.

Applications

Affordability Not an issue.

RATIONALE

In general, magnetometers and magngtadiometers arkey elements of magnetic anomalgtectorsystems
for ASW, mine fuses, intrusioand ordnanceletection,proximity detection (distance tearget), underwatermine
detection, and active degaussing systems. There has not been significant pr@ghessscingthe state of the art of
many types of magnetic sensors in the past decade.

Magnetometers on moving baseare aPOSITIME-influencedechnologybecause othe interrelationship of
magnetic data with position and tinaadthe needfor velocity andverticality compensation on a movimgatform
for sensor stabilization. The major advances in magnetometry during the last decade or so have been the emergence of
preciselocation andtime informationandthe availability of greatlyenhanceccomputation capabilities. Athese
capabilitiesare introducednto magnetometry systems, tle#fectiveness okuch systemsould besignificantly
enhanced. Magnetic sensor systems are often configured to detect the spatial variation of the fralagimé&nsity
from sources external tthe instrument, that is, thgradient ofthe magnetidield intensity, and in this mode are
calledmagnetic gradiometers. Magnegtadiometers cawconsist of two magnetic sensors or consist of a single
intrinsic magnetic gradient sensor. Cost, application, and sensor capability dictate the choice. jiagih@tieters
are key elements of magnetic anomaly detectors and are used in ASWhumiimgy, geologyareasurveillance, and
threat classification. They have covert detection capability.

Relative to JCS Vision 2010nagneticgradiometersising multiple magnetometers have precisiengage-
ment applications. There are no special requirements for the U.S. Government to gain access to this technology. The
substantial margin of capability added is critical to continued U.S. superiority.

WORLDWIDE TECHNOLOGY ASSESSMENT

Australia ® Austria o Canada eecoe China ®
Finland ee France ee Germany ee Hungary o
Israel ee Italy d Japan ee Netherlands

Poland b Russia eoee South Africa o Sweden ®
Switzerland b UK oo Ukraine oo United States eeeceo
Legend: Extensive R&D  ®®°®® Significant R&D  ®®*® Moderate R&D ®® Limited R&D ©®
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Commercial interests are advancing tlevelopmentind production ofthis technology. Afew countrieshave
elected to bedominant in magnetigradiometertechnologies, while otherare passivebecause of economic
considerations. At present, the United States, Russia, and Canada appear to be the leaders.

The following organizations have active research programs:

* United States
— BTI — Quantum Magnetics

* Russia

— URALS State Technical University
(Laboratory of Quantum Magnetometry

e Canada
- CTF

BTl andCTF are advancinghis technology using SQUID sensors, while Quantum Magnetics is fisixg
gate sensors.
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DATA SHEET 111-16.4. INTRINSIC MAGNETIC GRADIOMETERS

Developing Critical .
Technology Parameter In next 5 to 10 years:

Noise level of < 0.015 nT/meter rms/VHz.

Critical Materials None identified.

Unique Test, Production, Magnetic contamination control area with field gradient < 0.1 nT/meter.
Inspection Equipment

Unique Software Algorithms and verified data for real-time magnetic compensation and detection
(improvement > 10 to 1) for operation on mobile platforms and/or using arrays.

Technical Issues Low noise level. Magnetic contamination. Commercial equipment suitable for military

applications.
Major Commercial Resource exploration.
Applications
Affordability Not an issue.
RATIONALE

In general, magnetometers and magngtaddiometers arkey elements of magnetic anomalgtectorsystems
for antisubmarinavarfare,mine fuses, intrusiorand ordnanceletection,proximity detection (distance to target),
underwater mine detection, and active degaussistems.Therehas notbeen significant progress mdvancing the
state of the art of many types of magnetic sensors in thedpeeeThe majoradvances irmagnetometnyduring
the last decade or so have been the emergence of precise location and time infamd#tieravailability ofgreatly
enhanced computation capabilities. As these capabilities are introduced into magneigstetns, theffectiveness
of such systems could be significandghancedMagnetic sensor systenase often configured to detedhe spatial
variation of the magnetic field intensity from sources external to the instrument, that is, the gradiemhagrbtc
field intensity, and in this mode are callednagnetic gradiometers. Magnetigadiometers cartonsist of two
magnetic sensors or consist of a single intrinsic magnetic gragkesbr.Intrinsic magnetic gradiometerstilizing
either the SQUID or potassium technologiesarly eliminate the natural geomagndtackgrounchoise. They are
key elements of magnetic anomalgtectorsand are used I\SW, mine hunting, geologwreasurveillance, and
threat classification. Like all magnetic sensors, magnetic gradiometers have covert detection capability.

Relative to JCS Vision 2010, intrinsic magnegradiometers havprecision engagemenpplications.There
are no specialequirements fothe U.S.Government to gaimccess tahis technology. The substantial margin of
capability added is critical to continued U.S. superiority.

WORLDWIDE TECHNOLOGY ASSESSMENT

Australia oo Austria o Brazil o Canada oo
China ® Denmark o Finland oo France oee
Germany oeoe Hungary ° India oo Israel oee
Italy ee Japan eee Netherlands ee Poland ®
Romania ® Russia oo Slovak Republic ® South Africa oo
South Korea oo Spain oo Sweden o Switzerland oo
Taiwan ° UK eoe Ukraine oo United States eeeceo
Legend: Extensive R&D  ®®°®® Significant R&D  ®®*® Moderate R&D ®® Limited R&D ©®
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Commercial interests are advancing tlevelopmentind production ofthis technology. Afew countrieshave
elected to bedominant in magnetigradiometertechnologies, while otherare passivebecause of economic
considerations. At present, the United States appears to be the worldwide leader.

The following organizations have active research programs:

« United States

— Geophysical Institute (University of
Alaska)

» Germany
— Julicher SQUID GmbH

e Denmark
— NKT
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DATA SHEET I11-16.4. MAGNETORESISTIVE MAGNETOMETERS

Developing Critical .
Technology Parameter In next 5 to 10 years:

Noise level < 0.03 nT rms/VHz.

Critical Materials None identified.

Unique Test, Production, Magnetic contamination control area with field gradient < 0.1 nT/meter.

Inspection Equipment

Unique Software Algorithms and verified data for real-time magnetic compensation and detection
(improvement > 10 to 1) for operation on mobile platforms and/or using arrays.

Technical Issues Low noise level. Magnetic contamination. Commercial equipment suitable for military
applications.

Major Commercial i icati

e Security applications.

Affordability Not an issue.

RATIONALE

In general, magnetometers and magngtaddiometers arkey elements of magnetic anomalgtectorsystems
for ASW, mine fuses, intrusioand ordnanceletection,proximity detection (distance ttarget), underwatermine
detection, and active degaussing systems. There has not been significant pr@ghesscingthe state of the art of
many types of magnetic sensors in the past decade.

Magnetometers on moving baseare aPOSITIME-influencedechnologybecause ofhe interrelationship of
magnetic data with position and tinaadthe needfor velocity andverticality compensation on a movimatform
for sensor stabilization. The major advances in magnetometry during the last decade or so have been the emergence of
preciselocationandtime informationandthe availability of greatlyenhanceccomputation capabilities. Athese
capabilitiesare introducednto magnetometry systems, tledfectiveness okuch systemsould besignificantly
enhancedThin-film giant magnetoresistive (GMR) sensor technolegpears athe present tgrovide amost
promising possibility. On the@ne handthe sensitivity of these sensors will likelpcreaseand applications
involving multiple units of low-costshort-range, remote sensokdll evolve. As sensitivity (high SNR) and
compensation techniques improve, a wide variety of applications should evolve, such adetevtoncapability,
area surveillance, threat classification, and nondestructive testing.

Thin-film GMR sensor technology appears at the preseptdeide amost promising possibilitfseeFigure
16.4-2). Using GMR technology, nonvolatile random access memory will have pmwer consumptionand faster
access speeds. GMR circuits, transformers, and logic gates are also viable. Onhherdgihe sensitivity ofthese
sensors will likely increase and applications involving multiple units of low-sbsiit-range, remote sensavd!
evolve. Activeelectromagnetic detection of a targétminated by alow-frequencymagnetic orelectrical-current
source, currently utilized for land-mine detection, will likely be utilized in a wider range of applicationdeatying
sensor technologyand signal-processing capabilities improve. Furthaalvances in microelectronics, most
significantly in thearea ofhigh dynamic rangemultichannel, analog-to-digitatonvertertechnologyand digital
signal processing, wilenhancecapabilitiesand significantly reducecost and complexity of the underlyingensor
technologies. These factors will make concepts involving multiple units of low-cost, short-tizstigeyted sensors
more attractive. Similarly, advancements in microelectrowitls increase magnetic-senswapabilities on magneti-
cally noisy platforms through large-scale use of distributed sensors monitoring the platform noise.
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Relative to JCS Vision 2010, magneto-resistive magnetometers have precision engagement appituertons.
are no specialequirements fothe U.S.Government to gaimccess tahis technology. The substantial margin of
capability added is critical to continued U.S. superiority.

WORLDWIDE TECHNOLOGY ASSESSMENT

Australia oo Austria oo Brazil o Canada oo
China eee Czech Republic ® Finland oo France oee
Germany oeoe Hungary ° India oo Israel b
Italy ee Japan eee Netherlands o Poland ®
Romania ® Russia oo Slovak Republic ® South Africa °
South Korea oo Spain oo Sweden oo Switzerland oo
Taiwan oo UK oo Ukraine o United States eeee
Legend: Extensive R&D  ®®°®® Significant R&D  ®®*® Moderate R&D ®® Limited R&D ©®

Commercial interests are advancing tlevelopmentand production ofthis technology. Afew countrieshave
elected to be dominant in magnetometer technologies, while @ttegrassivebecause oéconomic considerations.
At present, the United States appears to be the worldwide leader.

The following organizations have active research programs:

* United States
— Honeywell — Nonvolatile Electronics
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DATA SHEET 111-16.4. NONMAGNETIC CLOSED-LOOP
REFRIGERATION EQUIPMENT

Developing Critical ]
Technology Parameter In next 5 to 10 years:

Operation < 103 deg K. Continuing development.

Critical Materials None identified.
Unique Test, Production, Magnetic contamination control area with field gradient < 0.1 nT/meter.
Inspection Equipment
Unique Software None.
Technical Issues Nonmagnetic cooling environment allows for greater SNR for SQUIDs.
Major Commercial Resource exploration and medical applications.
Applications
Affordability Medical imaging is funding driver.
RATIONALE

SQUID sensorareoptimal (mostaccuratewhen thecryogenicsupportequipmentdoesnot induce magnetic
noise into the detection process. In the pamdlicalapplications have beehe only fundedefforts in nonmagnetic
closed-loop refrigeration equipment. With the advent during thedézside ohigh T, SQUIDs, with criticaltransi-
tion temperatures in excess of 90 K, there has been intensified intecdssed-loop refrigeration for nondestructive
evaluationand medicalapplication. The coolingequirements aréess stringent than what igquiredfor low T,
technology.

Relative to JCS Vision 201Qjonmagnetic closed-loop refrigeration equipmbas precisionengagement
applications.There are nspecial requirements fohe U.S. Government to gairaccess tathis technology. The
substantial margin of capability added is critical to continued U.S. superiority.

WORLDWIDE TECHNOLOGY ASSESSMENT

Australia ® Austria o Brazil d Canada ®
China ° Czech Republic ® Finland o France °
Germany ° Hungary o India o Israel °
Italy ® Japan o Netherlands o Poland ®
Romania ® Russia ° Slovak Republic ® South Africa ®
South Korea ® Spain ° Sweden o Switzerland ®
Taiwan ® UK o Ukraine d United States ®
Legend: Extensive R&D  ®®°®® Significant R&D  ®®*® Moderate R&D ©® Limited R&D ©®

A few countries like theUnited States,Canada,Russia,and France haveelected to bedominant in the
associated technologies of SQUIDs threduiresuperconducting operating temperatures. Other coumtrggsassive
because of economic considerations.

The following organizations have active research programs:

e United States

— ADP Cryogenics — GWR Instruments (Ultra Long
Holdtime Dewar)

— Neocera
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DATA SHEET I111-16.4. MAGNETIC ARRAYS

Developing Critical .
Technology Parameter In next 5 to 10 years:

Decrease of acquisition time and increase of accuracy of detection and location, array
spacing, and detection range will increase with improved timing and communication.

Critical Materials None identified.

Unique Test, Production, Magnetic contamination control area with field gradient < 0.1 nT/meter.

Inspection Equipment

Unique Software Algorithms and verified data for real-time magnetic compensation and detection
(improvement > 10 to 1) for operation on mobile platforms.

Technical Issues Arrays provide greater SNR due to synergism of the sensors. Magnetic contamination
can be isolated. Commercial equipment suitable for military applications.

Major Commercial Intrusion and security control.

Applications

Affordability Not an issue. Availability and use of accurate time is the issue.

RATIONALE

In general, magnetometers and magngtadiometers arkey elements of magnetic anomalgtectorsystems
for ASW, mine fuses, intrusioand ordnanceéetection,proximity detection (distance ttarget), underwatermine
detection, and active degaussing systems. There has not been significant praghesscingthe state of the art of
many types of magnetic sensors in the past decade.

Magnetometers on moving baseare aPOSITIME-influencedechnologybecause othe interrelationship of
magnetic data with position and tinamdthe needfor velocity andverticality compensation on a movimatform
for sensor stabilization. The major advances in magnetometry during the last decade or so have been the emergence of
preciselocationandtime informationandthe availability of greatlyenhanceccomputation capabilities. Athese
capabilitiesare introducednto magnetometry systems, tledfectiveness okuch systemsould besignificantly
enhanced. Arrays allow fareaterSNR of the systenandreduction ofSNR of theindividual sensors in tharray
using compensation/synergigechniques. When fixed array ofsensors isused onthe ground or underwater, the
increased knowledge of position and time are coupled to enhance the computation power. Thespeptraensity
functions for environmental noise can be precisely deduced. Then, pmetsence of aignal of interest, thepecial
density function of the magnetic signatures of intecast beextractedfrom backgroundhoise andthus provide an
SNR improved over that realizable without the use of energy spectral density techniques.

Applications include classification of objects not norméhtruders) tothe environmentarea surveillance,
threat classificationand choke point control under covert conditions. Other applicationsclude ASW, mine
hunting, geology, andhedicalapplications. The use of magnetomedaaysmay beadapted bycommercial users,
but the main initial application will be militarily driven. The malifferencesbetweenmilitary andcommercial use
are the real-timeaccuracyrequirements foooperation from a movinghase and the detectionand classification
capability.

Relative to JCS Vision 2010nagneticarrays haveprecision engagemenpplications.There are nospecial
requirements for the U.S. Government to gain access to this technology. The substantial margin of Gadedbility
is critical to continued U.S. superiority.
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WORLDWIDE TECHNOLOGY ASSESSMENT

Canada ° Russia b United States b

Legend: Extensive R&D  ®°®°®® Significant R&D  ®®® Moderate R&D ®® Limited R&D ®

Military andcommercial interestare advancinghe developmentand production ofthis technology. A few
countries have elected to be dominant in magreetiy technologies, while other@re passivebecause of economic
considerations. Although the United States leads in platform motion compensation, appesies to havihe lead
in the use of compensation using magnetic sensor arrays.
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SECTION 16.5—PRECISE TIME AND FREQUENCY (PT&F)

Highlights

* The worldwide availability of accurate time via GNSS will increase the combination of communicatiofs,
imaging, and navigation functions into multihybrid sensor systems. This will provide a common grid
reference for battlespace data management. The accuracy of the ionosphere model is a limiting factoy on GPS
time transfer.

* Autonomous and common three-dimensional POSITIME grid reference will improve battlespace situgtional
awareness by providing a precise POSITIME tag on all battlespace information collected. This will prpvide
real-time knowledge of the location and movement across battlespace of allied and enemy assets.

* Accurate time is required for autonomous operation of satellite network geolocation systems and enhanced
crypto/transec performance in spread-spectrum communication systems.

» The importance of PT&F has only recently been recognized in military and commercial usage becauge of the
availability of GNSS time. Foreign sources are currently providing the funding engine for future technology
improvements in PT&F, as U.S. R&D funding has declined.

e The number of U.S. Atomic Frequency Standard suppliers is declining and may be down to one withjn
5 years.

OVERVIEW

PT&F is the key tocurrentandfuture POSITIME, navigation, communicatioandimaging systemsWhile
the need of imaging and communication systems for PT&F is becoming more critical for militamasteurrent
emphasis for PT&F technology is to support navigation and mainlgdimmmercialuse. Both théJ).S. GPS, with
its inherent vulnerabilitiegseeSection 16.3)and Russia’s GLONASSworldwide navigation systemare actually
PT&F systems. Both systems employ atomic clocks in the satellites. A cesiumfregaemcy standard istilized
aboard each GLONASS satellite. Both systems are capable ofréingfer to gprecision of 10 to 3Manoseconds,
but the GLONASS system timeference isnot coordinateduniversal time, (UTC), asnaintained atthe United
States Naval Observatory (USNO), tkesignatedime referencefor the United States. GPS uses both cesium and
rubidium frequency standards ithe current satellites, known ad®Block II/lIA, and rubidium standards in the
replacemensatellites, Block IIR. PT&F and signal detectionand processing technologgre required to acquire,
synchronize,and track the desiredsatellite signals formeasurement of navigation parameters. Technologies
contributing to superioperformance includéhe application of analognd digital correlationfilters, DSP and
microelectronicsincreaseccomputationakeffectiveness for given equipmentolume andweight could provide an
adversanywith two distinct navigation payoffs: (19ertain navigation capabilitiecould beenhanced byadvance
computer technologies, and (2) for a given availableme/weight, the navigatioperformance could benhanced
in terms of accuracy, reliability, and resistance to hostile actions.

The GPS capability to transnibrrections toUTC (USNO) in the navigation messaged therebytransfer
time is given in the GP3nterface Control Document, ICD-GPS-202, as 2&noseconds (sigma). The 1997
Master Navigation Positioning and Timing Plan, CJCSI 6130.01A, requires timing accuracy to rend€étonds
or better for all DoD users worldwide. The plamther states thaprecisetime will be valuable to users whmust
time-synchronize other systems such as JT(§&®Sections 16.land16.3). Thedisparity betweernhe documents
exists becausd CD-GPS-202 was recentlypdated toreflect increaseduser requirements. Thesgide-sweeping
capability figurescanstill be misleading. The capabilignd conditions of timetransferfrom GPSdependgreatly
upon the instrumentation used, user conditions, and period of interest. For example, thansfeecapability of a
fixed site, at a well-knowmposition, needinglong-termtiming, andhaving the ability tointegrate or processata
over hours or days is considerably different than for a high-perfornzamcaft needingime to transfer in real-time
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or from the individual sensors of anray to acentral processor. Time-transfer operatigreformance ofcPS and
data quoted is to a fixed site. GPS capabilities for military users under different conditions should be givereas a
representative capability for system planning. Transfer of this technology will assdiemsary inmproving the
combat capability of its platforms. The use of stable clocks in a dyghmics platforntansignificantly improve
timing availability by providing smoothing or “flywheeling” action thaeservesgime synchronizatioomadeunder
less stressed conditions.

Systems-integration technology enables the integration of communiattbmultiple navigational instru-
ments outputs through advanced digital processing to provide an extended range of operational funaticreasett
combat performance. These technologies suppdtcedsize andweight of equipment, improvement in navigation
accuracy,continuity of operations, reliability, survivabilityand resistance to enemy countermeasures. The
substantial margin of capability added is critical to continlesl. superiority in precisiomadio navigationand the
multitude of missions dependent thereupon.

BACKGROUND

The importance of PT&F may be clearer with a description of the overall architecture of siystelved with
the generation, dissemination, and maintenance of military common time. The overall process is described below.

» Reference Time. The common timescale to beused byU.S. military forces and systems is that
generated, coordinatédternationally,and maintained bythe USNO. This timescale isdesignated inter-
nationally as UTC (USNO), representing the actual time available as a physical signal output of the USNO
master clock. USNO maintains a master clock system of various commercial atomic clocks preaisge
time referencestations,andinterface todissemination systems. Tladternate master clockecameopera-
tional at Schriever Air Force Base in 1996 and is collocated witlG#® master control station d3oD’s
primary means of global time dissemination. The alternate master mtoeklessystemredundancy and is
linked to the master clock by a two-way satellite titransfersystem. Asevere handicap tosers of UTC
time, such as in telecommunications, is yearly insertion of ananosecond to accoufdr the rotational
changes of the Earth due to increases in the moon’s orbital path around the Earth. In the nexyearn® 20
this correctionproblemneeds to bénternationallyadjudicated taresolve the communicatiosynchroniza-
tion problem.

» Reference Time DisseminationThe dissemination of UTC (USNO) is accomplished bgolection
of methods relying upon various systemsgdominatelyPOS/NAV systems. This disseminatiumction
is a secondary mission of these systems, and no operational systems exist gpatifically designed and
usedfor PT&F disseminationDependenceipon secondarymission requirements orcapabilitiesdoes not
support a cohesive systeanchitecture fothe many systems that rely pnecisetime. Since PT&F is a
secondary mission, operational control, coordination, and regulation of the time disseminated is an informal
agreementvithout the impact of operationatquirements. Therare limited efforts underway to provide
U.S. forces an affordablenonjammable, precisend accurateommon timereferencefor all military
electronic systems.

» User Interfacing. User systemshave an increasing role ithe distributionand sharing of time
information. The Mark XV identificatiorfriend or foe (IFF) systemandits counterpart North Atlantic
Treaty Organization (NATO) identificatiosystemhad amajor problem in the distributioand synchroni-
zation of secure communications between their user platforms, Vedich major part to thecancellation
of the U.S. project. This should be a clear indication that the sharing of time information by user platforms
and systems will be increasingly more important as hightratesand crypto requirements (seBection
10) become morestringent. In turn, this willcreate anincreasingly larger problem of controlling or
managing intersystem timing exchange or interoperability. Coordinatidstandardization ofheseinter-
faces is part of the overatbordination roleneeded tagproducerobust systemsynchronized to @ommon
time reference.
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RATIONALE

The importance oPT&F to military systems as technology area is becoming moreevident with the
deployment and operational use of GPS. GPS provides the meatsdmte andtable time to belisseminated to
forces aroundhe world. The application dBPS for timing is increasingparticularly in telecommunications and
datatransfer. As aresult, the technology to maintaand use precisetime is becoming ofncreasing military
importance. However, because of the small quantity of Atomic Frequency Standard clocks rtkatledyearly, the
number of U.S. sources malgcline toone within 5 years. Also alarming is the potentamise ofthe precision
crystal oscillator suppliers in the United States inrtbarterm. The oscillatorgre acritical module of the atomic
clock systemThere is aneedfor a precise, robust protocol for setting tiraeross networks. Aobust precision
network time protocol (PNTP) usingroadbanccommunication links isneededfor future military systems. The
following table is an example of the possible types of needs that should be recognized for PT&F.

Table 16.5-1. User Clock Precision/Accuracy Requirements and Benefits

Current Future
Platform/System Accuracy to Accuracy to Benefit of
UTC (USNO) UTC (USNO) Improved Time Accuracy
Nominal Use
Time Epoch (second)
Low-Accuracy Aircraft/Land Mobile 1073 107 Quicker network entry for

comms/IFF, enhanced crypto.
Improved interoperability.

Ship/Submarines 10° 107 Quicker network entry for
comms/IFF, enhanced crypto.
Improved interoperability.

Communication Sites/Aircraft 10° 107 Quicker network entry for
comms/IFF, enhanced crypto.
Improved interoperability.

Radar/Surveillance/Intelligence 10 107 Better targeting/emitter location
such as TDOA. Enable spread
spectrum LPI.

Frequency ( Af/f)

Low-Accuracy Aircraft/Land Mobile 10" 10" Quicker network entry for
comms/IFF. Improved
interoperability.

Intermediate Land Reference Sites 10 107 Comms net access. Frequency
calibration source for low-power
oscillators.

Long-term Autonomous Timekeeping 0™ 107 Extended autonomous periods.

Large TDMA Systems ~10™ 107 Enhanced network synch. Higher
data rates.

Precise Mode (Cesium Calibration Updating)

Time Epoch (second)

ECCM Comm, Radar and Surveillance 107° 0™ Better targeting/emitter location

Systems such as TDOA. Enable spread-
spectrum LPI.

Submarine Comm, Ship 10°® 0™ Enhanced network synch. Higher

data rates. Longer autonomy.
Enhanced navigation.

Current military fielded systems predominantly use cesium tsandards. Theseell performingandreliable
devices have become the workhorse of remote timekespstems;however, theyarelarge units not easilyincor-
poratedinto smaller mobile platforms. Many usease thereforeadopting secondaryclocks, such as rubidium,
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disciplined by GPS time for long-term performance. TH8B&S-dependentiocks provide good performance imoth
long andshort time framesandthe timing signalsare beingincorporatednto manycommercialsystems such as
telecommunicatiorand computer networking systems. Thispendency on &PS-disciplined clock is ailitary
concern. Thdollowing discusses th@T&F developing technologiethat arebeing investigated for futur®T&F
requirements.

1. Time Distribution. More accurate and stable time sources, time distributindtime transfer methods
arerequired bythe military to provide the warfighter with a coherent tactical picturand enablerapid,
accurate capability assessment. With the closer logical linkage of combat sgsttii2 systemsand the
proliferation of GPS units within precision weapons, the control of time soantkasllowable variation of
time provided by those sources to systems and elements across the battle space musiriaaagdibr For
example, better monitoring techniques could be utilized to impiiowve stability/accuracyperformance by
creatingalgorithms that combine clock outputs (ensembliag)l automaticallydetect phasejumps or
frequencyperturbationsand/or compensatéor them. In addition, robust selection of alternativéme
source(s) inthe event thepreferredtime source becomes unavailabieust bebetter addressedPresent
implementations often use multipfedundantlocksand GPS receiversand have no means ditilizing
resourcesrom other collocatedsystems.There is astrong need toestablish a common timeeference
system, available across the platforamsl battlespace, thawill be usable by all systems. Such a system
would include flywheektlocks atindividual systems tgprovide autonomy from battledamage oross of
external references. Methods of time distribution other tBBS, particularly at the battlespadevel, need
development. These can include two-wsgtellite time transfer, fiber-opticsystems for usewithin a
platform, and other techniques such as communications systems between platforms.

2. Atomic/lon Clocks (Trapped lon Storage and Slow Atom Technology Clocks). This
developing class of atomic clocks will improve absolute accuracy to better tiHanriBally, theseclocks
will be larger, heavierand more delicatethan currentmilitary andcommercial deviceyut theyhave the
potential tobecomecompetitive or better in size, weighand power with existing clocks. This is a
technology area where the Europeans are making great efforts and, in some cases, lead the United States.

a. Cesium Fountain Clocks.Optical techniques fothe containmenandcooling of atomswhich
was the 1997 Nobel Prize fdPhysics, offers new possibilities in methods for preciseclock
development. Optically contained neutral atoras be cooled telose to absoluteeroand launched
into an interrogation system, whidan make venaccuratemeasurements dfequency tolessthan
1 x 10°*® sec/day.The immediate application being investigated is a “cesium fountain” clock. A
clock of this type,theoretically proposed by Zacharis the 1950’s, is beingdeveloped by the
National Institute ofStandards andechnology (NIST)andUSNO. The Frenclhave been operating
such a clock at the PariSbservatory for several yearand NIST and the Frenchare actively
developing this technology for space application.

b. Mercury Linear lon Trapped Clocks. This type of magneticallyrapped anaptically interro-
gated clock is beingeveloped bylet PropulsiorLaboratory(JPL) and isbeing deployed as replace-
ment for thehydrogenmasterstandards irthe NASA Deep Spacé&etwork. One is to beested for
possible contribution to the master clock ensemble. These units employryions suspended in a
magneticallygeneratedinear trapand optically interrogated. Thessystemshavethe potential of
extremely goodstability for long-term measurements. HEBid preliminary commercialproduct
development on a mercury ion clock in the 1980’s, but the design did not transition to production.

c. Other Technology Clocks. Researclinto other types otrappedion clocksand cooled cavity
resonators is proceedinghe potential for migrationnto usable systems isstimated to be 5-10
years. These new, high-precisistandardscould contribute to the definition ofeferencetime and
time-scale generation, supporting a worldwiderdinatedcommon timeand potentially animproved
time scale for DoD systems. The NIST microwave ion clock is pushin§ sétondandthe optical
version should realize 16 second when development efforts are funded to correct the ditadncy
to themicrowave regiorwhere it can be used iglectronicsystems.Large, research-orientedlocks
could play adirectrole in timing centersthat areinvolved in the besperformanceclocks for time-
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scale operation. If successful in timing center improvements, this could again press the state of the art
in dissemination and distribution of timing information to users.

3. Low-Power Clocks.There is a very strong need for clocks tpatform at or neathe accuracylevel of
currentsmall clocks but at significantlyeducedsize, weight,and power. A technology currently in
development, thenicrocomputer-compensataxscillator (MCXO), providesthe stability of anovenized
crystal oscillator at or below the inppbwerlevels of the traditionatemperature-compensatedcillator
(TCXO). Another promisingarea ofdevelopment isthe miniaturized gas cell clockising cesium or
rubidium. This approach trades off some performance of the traditional rubidium clpofvide anatomic
clock with a volume of about 25 énand apower consumption of less than 1 Whese lowerpower
devices can offer devel of performancesuitable for GPS receiver direct-Y code acquisition and
communications system synchronization in a package suitable in size and power for manpaetowrer
mobile platform users.

4. Optically Pumped Clocks The use of laser diodes for optical pumping and cooling of atomic systems
to produceclock signals is aleveloping technologthat will be adapted tdield or system usableinits.
Low-power, fixed-mode diode lasers offer a natural means of interrogatihcpntrolling small,ruggedized
standarddor field or platform use. Frenchnd Swiss companies havelready introducegrototype small
optically pumped cesium and rubidium units.

WORLDWIDE TECHNOLOGY ASSESSMENT

The United States hadeenthe world leader inthe developmentand utilization of PT&F technology for
military electronicsystems, including navigation, telecommunicaticarg] dataransfer. Howeverthis leadership
role is waning a$J).S. R&D funds forPT&F technology haveleclined.The U.S. development efforts haveeen
traditionally funded as parts of the host programs they support. As these programs, GRS, semchedmaturity,
the funding for PT&F development vanished. NIST is operating a cesium fountainaciddk also developingthis
clock for space applications. Foreign PT&F developments are increasing, particularly in France, Switretlamd,
the European Space Agency (ESA) and associated research centers.
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Time Distribution Atomic lon Low-Power Optically

Country Systems Clocks Clocks Pumped Clocks
Australia ooo o0 eoeo oo
Austria oo ° oo °
Brazil oo ° (X °
Canada [ X X ] [ X X ] [ X X ] [ X X J
China L XX LX) (Y} )
Czech Republic oo ® oo °
Finland oe ° oo °
France (XX X ] (X X X J (XX X ] (XX X )
Germany (XXX (XX Y] (XYY} XYy
Hungary oo ° oo °
India oo oo oo °
Israel LA ° YY) °
Italy (L eoeo eoe oo
Japan eooe oo eeoe oo
Netherlands oo ° oo oo
Poland oo oo oo '
Romania oo ° (X °
Russia (XX X (XYY} XX X XXX
Slovak Republic oe ° oo °
South Africa oo oo (XY} )
South Korea oo oo (XY} )
Spain oo oo oo oo
Sweden oo oo oo 'Y
Switzerland [ XX LX) YY) 'Y
Taiwan oo ° (Y} °
UK (XX Y] (X X} XYY eooe
Ukraine oo oo X PS
United States (XXX (XX Y] (XYY} XYY

Legend: Extensive R&D  ®°®°®® Significant R&D ®®® Moderate R&D ©® Limited R&D ©®

Figure 16.5-2. Precise Time and Frequency WTA Summary
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DATA SHEET 111-16.5. TIME DISTRIBUTION SYSTEMS

Developing Critical
Technology Parameter

In next 5 to 10 years:

Provide signal phase (time) common synchronization of < 10°° sec, relative to UTC
(USNO); intersystem synchronization of < 10 sec relative to battlegroup; coordi-
nated use of platform resources for lower cost and robustness; 107 for inter-
operability, surveillance, and high-speed communication.

Critical Materials

None identified.

Unique Test, Production,

Inspection Equipment

Frequency references for calibration with Af/f < 1 x 107,

Unique Software

Algorithms and verified data to combine clock outputs to improve stability/accuracy

performance (i.e., “ensembling”). Automatically detect phase jumps or frequency
perturbations and/or improve reliability from redundancy. Self monitoring.

Technical Issues Low noise, especially in the presence of vibration.

Maintaining high stability under environmental extremes, e.g., the military temperature
range.

Survival and maintaining stability under high shock (gun-hardened oscillations).

Accurate clocks are needed to provide direct wideband communication links and to
provide direct acquisition of GPS-Y code.

Flywheeling and other autonomous timekeeping techniques are essential.

Power source may require further development for military application.

Major Commercial
Applications

Affordability

Telecommunication, electrical power generation, and grid management.

Large volume use.

RATIONALE

The importance of this technology is becoming more evident with the deployment and operationab s of
GPS provides the means for accurate and stable time to be dissemirategst@aroundhe world. The use of GPS
for timing is increasing, particularly in telecommunications and data transfer. As a result, the technology to maintain
and use precise POSITIME is becoming of increasing military importance.

Sensors, such as magnetometers, magnetic gradiometers, gravity meters, gravity gradiometers)fiapsdal,
ultraviolet, and acoustic, especially on moving base,are POSITIME-influencedtechnologiesbecause of the
interrelationship of sensatatawith position andtime andthe needfor velocity andverticality compensation on a
moving platformfor sensor stabilization. The synergiséffect of the use of multiple sensarrays is a major
technology improvement that must be undertaken as a national policy on time.

More accurate and stable time sources, time distribution, and time-transfer nathedsired bythe military
to providethe warfighterwith a coherent tactical picturandenablerapid accurateapability assessment. With the
closer logical linkage of combaystemsand C2 systemsand the proliferation of GPS units withinprecision
weapons, the control of sources and allowable variation of piro@ded bythose sources teystemsand elements
across the battlspacemust bebetter managed-or example, better monitoringechniques could be utilized to
improve timestability/accuracyperformance by creatinglgorithms that combine clock outputs (ensembling) and
automatically detect phase jumps or frequency perturbations and/or compensate for them. In addition, robust selection
of alternativetime source(s) inthe event thereferredtime source becomes unavailabieust bebetter addressed.
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Present implementations often use multimdundantclocks and GPS receiversand have no means ditilizing
resourcesrom other collocatedsystems.There is astrong need toestablish a common timeeferencesystem,
available across the platfornasdbattlespacehat will be usable by all systems. Such a systeould include
flywheel clocks atindividual systems toprovide autonomy from battledamage orloss of external references.
Methods oftime distribution other thaGPS, particularly at the battlespadevel, needdevelopment. These can
include two-way satellite timéransfer, fiber-optisystems for usaithin a platform,andothertechniquessuch as
communications systems between platforms.

Joint Vision 2010 states thativances ircomputer processingpreciseglobal positioning(precisetime), and
telecommunications will provide the capability to determine accurate locatidngrafly andenemy forces, as well
as to collect, procesanddistribute relevantata tothousands of locationfimely). Joint Chief of Staff (JCS)
positioning, navigatingandtiming policy addressethe needfor precisetime and time-distribution systems. The
Joint Science & Technologplansaddresghe needfor information (precisetime and time distributionsystems)
superiority, includingdirect integration of GPS(precisetime) with sensor outputgjistributed and collaborative
virtual planning in real time, and integrated cross-sensor tracking with unique target ID and real-time updates.

Potential military applications of this technolomglude bettersynchronization, identification, surveillance,
reconnaissance, remote sensing, and guidance. Improvements in time accuracyreWide) quickemetwork entry
for communications|FF, and enhancedrypto; (2)provide better targeting/emitter location, such as TDOA, and
enable spread-spectrum LPI; and (3) enhance network synchronization and allow higher data rates.

There are ncspecial requirements fahe U.S. Government to gairaccess tathis technology.There is a
national need to take POSITIME more seriously in Wimited States. The substantial margin of capabiditided is
critical to continued U.S. superiority in precision radio navigation, battlespace interoperahiitige multitude of
missions dependent thereupon.

WORLDWIDE TECHNOLOGY ASSESSMENT

Australia oo Austria oo Brazil eoeo Canada oo
China eee Czech Republic ®*® Finland oo France eoee
Germany ecee Hungary oo India oo Israel oee
Italy ee Japan eeee Netherlands ee Poland o
Romania oo Russia ecoe Slovak Republic ®*® South Africa oee
South Korea oee Spain oo Sweden oo Switzerland oee
Taiwan oo UK oo Ukraine oo United States eeee
Legend: Extensive R&D  ®®°®® Significant R&D  ®®*® Moderate R&D ®® Limited R&D ©®

The United States has been the wdelahler inthe developmenandutilization of PT&F technology formili-
tary electronic systems, including navigation, telecommunications, and data transfer. Howeleagénghiprole is
waning asU.S. R&D funds formany PT&Ftechnology haveleclined. The U.S. development efforts havieeen
traditionally funded as parts of the host programs they support. As these programs, GRS, eemchedmaturity,
the funding for PT&F development vanishedtoreign PT&Fdevelopmentsare increasing, particularly irFrance,
Switzerland, and in the ESaAndassociated researcenters. The French have been operatiith cesium fountain
clocks at the Pari®bservatory for several yeaaad areactively developing one fospaceapplication. NASA is
currently funding a space clock project to compete with the European effort, but this effort may be tcmdradl
late. The NASA effort is a collaboration of NIST, University of Colorado, JPL, and Harvard Smithsonian.

The following organizations have active research programs:

* United States
— Absolute Time Corporation —Datachron Incorporated

e Switzerland
— MOBATIME — PRECITEL
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DATA SHEET 111-16.5. ATOMIC/ION CLOCKS

Developing Critical .
Technology Parameter In next 5 to 10 years:

Provide stability and accuracy approaching 1 x 10™ sec for reference systems.

Critical Materials Magnetic shields, low-noise local oscillators, and long-life stabilized lasers.

Unique Test, Production, None identified

Inspection Equipment ’

Unique Software None identified.

Technical Issues Short-term performance may require new technology local oscillators for stability
performance.

Potential small size of high-performance and high-accuracy devices.
Production sources of these low-volume units.
Power source may require further development for military applications.

Weight is critical. Low wattage, stable power required.

Major Commercial Telecommunication.

Applications

Affordability High cost because of low-volume use.
RATIONALE

The importance of this technology is becoming more evident with the deployment and operationab s of
GPS provides the means for accurate and stable time to be dissemirfateest@aroundhe world. The use of GPS
for timing is increasing, particularly in telecommunications and data transfer. As a result, the technology to maintain
and use precise time is becoming of increasing military importance.

This developing class of atomic clocks will improve absoadeuracy tobetter that 16° sec. Initially, these
clocks will belarger, heavierand more delicatethan currentmilitary and commercial deviceshut they have the
potential to become competitive or better in size, weight, and power than existing clocks. This is a techemlogy
where the Europeans are making great efforts and, in some cases, lead the United States.

Atomic clocks are composed of three general modules: a crystal oscillator, the atomic jpéwisace and the
supporting electronics. Crystal oscillator availability fron &. source inthe outyears is of concerfor Atomic
Frequency Standard clocks. Crystal oscillators are key to the short-term statmlagtual timekeepindpecause the
atomic resonance frequency from the physics packageed togive long-term stability to the crystal clockhere
are no issues relative to the physics package or the electronics.

Joint Vision 2010 states thatlvances ircomputer processingyreciseglobal positioning(precisetime), and
telecommunications will provide the capability to determine accurate locatidngrafly andenemy forces, as well
as to collect, procesanddistribute relevantata tothousands of locationgimely). JCS positioning, navigating,
and timing policy addresses the need for precise time and time-distribution systems. The Joint Science & Technology
plan identifies theneedfor information (precisetime and time distributionsystems)superiority, includingdirect
integration of GPS (precise time) with sensor outputs, distributed and collaborative virtual planning in real time, and
integrated cross-sensor tracking with unique target ID and real-time updates.

Potential military applications of this technolomglude bettersynchronization, identification, surveillance,
reconnaissance, remote sensing, and guidance. Improvements in time accuracyreWide) quickemetwork entry
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for communications|FF, and enhancedrypto; (2)provide better targeting/emitter location, such as TDOA, and
enable spread-spectrum LPI; and (3) enhance network synchronization and allow higher data rates.

There are ncspecial requirements fahe U.S. Government to gairaccess tathis technology.There is a
national need to take POSITIME more seriously in Wmited States. The substantial margin of capabiditided is
critical to continued U.S. superiority in precision radio navigation, battlespace interoperahiitige multitude of
missions dependent thereupon.

WORLDWIDE TECHNOLOGY ASSESSMENT

Australia oo Austria o Brazil o Canada oo
China oo Czech Republic ® Finland o France eeee
Germany ecoe Hungary o India oo Israel ®
Italy eeoe Japan ee Netherlands ® Poland o
Romania ® Russia ecoe Slovak Republic ® South Africa oo
South Korea oo Spain oo Sweden oo Switzerland oee
Taiwan b UK oo Ukraine oo United States eeee
Legend: Extensive R&D  ®®°®® Significant R&D  ®®*® Moderate R&D ®® Limited R&D ©®

The United States hadeenthe world leader inthe developmentand utilization of PT&F technology for
military electronicsystems, including navigation, telecommunicaticarg] dataransfer. Howeverthis leadership
role is waning as U.S. R&D funds for PT&F technology have declined. Another concern is the availabilystadf
oscillators fromU.S. sources in the 5- t@0-year periodThe U.S. development efforts have been traditionally
funded as parts of the host programs they support. As these programs, &8RS, amsachednmaturity, thefunding
for PT&F development vanisheéoreign PT&Fdevelopmentareincreasing, particularly in France, Switzerland,
and in the ESA and associated research centers. For the last 5 years, the majority of symposia papers are non-U.S.

The following organizations have active research programs:
* United States

— Bliley Electric — Datum FTS

- EG&G — Frequency Electronics, Inc.
— HP - JPL

— Kernco — NIST

— Northrop Grumman — Piezo Crystal

— University of Colorado at Boulder
* Australia

— National Measurement Laboratory
 Switzerland

— Oscillaquartz — Timex/Tekeler
— Observatory at Neuchatel

+ UK
— Quartzlock

 Japan
— Anritzu — Fujitzu
- NEC
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DATA SHEET I11-16.5. LOW-POWER CLOCKS

Developing Critical .
Technology Parameter In next 5 to 10 years:

Provide accuracy and stability typical of current cesium and rubidium clocks at
greatly reduced weight and power.

Critical Materials Laser diodes, battery technology.

Unique Test, Production, None identified.

Inspection Equipment

Unique Software None identified.

Technical Issues Achieving high accuracy in a small (1 cc) low-power (< mW) package.

Accurate clocks are needed to provide direct wideband communication links and to
provide direct acquisition of GPS Y code.

Power source may require further development for military applications.

Major Commercial Telecommunication.

Applications

Affordability Large volume potential.
RATIONALE

The importance of this technology is becoming more evident with the deployment and operationab s of
GPS provides the means for accurate and stable time to be dissemirfateest@aroundhe world. The use of GPS
for timing is increasing, particularly in telecommunications and data transfer. As a result, the technology to maintain
and use precise time is becoming of increasing military importance.

There is a very strong need for clocks that perform atearthe accuracylevel of currentsmall clocks but at
significantly reducedsize, weight,and power. A technology currently in development, tM&€XO provides the
stability of an ovenized crystal oscillator at or below the input power levels of traditional TCXO. Another promising
area of development is the miniaturized gas cell clock. dpwoach tradesff some performance othe traditional
rubidium clock toprovide anatomic clock with a volume of about 25 treind apowerconsumption of lesthan
1 W. These lower powedevices can offer &vel of performancesuitable forGPS direct-Y code acquisition and
communications system synchronization in a package suitable in size and power for manpack or low-power mobile-
platform users.

Joint Vision 2010 states thativances ircomputer processingpreciseglobal positioning(precisetime), and
telecommunications will provide the capability to determine accurate locatidngrafly andenemy forces, as well
as to collect, procesanddistribute relevantata tothousands of location@imely). JCS positioning, navigating,
and timing policy addresses the need for precise time and time-distribution systems. The Joint Science & Technology
plan identifies theneedfor information (precisetime and time distributionsystems)superiority, includingdirect
integration of GPS (precise time) with sensor outputs, distributed and collaborative virtual planning in real time, and
integrated cross-sensor tracking with unique target ID and real-time updates.

Potential military applications of this technolomlude bettersynchronization, identification, surveillance,
reconnaissance, remote sensing, and guidance. Improvements in time accuracyewid#)guickemetwork entry
for communications|FF, and enhancedrypto; (2)provide better targeting/emitter location, such as TDOA, and
enable spread-spectrum LPI; and (3) enhance network synchronization and allow higher data rates.

Power availability is aveaklink in the military. Theneedfor standardreliable power is one othe most
serious problems in warfare. Accuracy is necessary for direct acquisition of GPS.
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There are ncspecial requirements fahe U.S. Government to gairaccess tathis technology.There is a
national need to take POSITIME more seriously in Wmited States. The substantial margin of capabiditided is
critical to continued U.S. superiority in precision radio navigation, battlespace interoperahiitige multitude of
missions dependent thereupon.

WORLDWIDE TECHNOLOGY ASSESSMENT

Australia oo Austria oo Brazil oo Canada oo
China oo Czech Republic ®*® Finland oo France eeee
Germany ecee Hungary oo India oo Israel oee
Italy oo Japan oo Netherlands ee Poland o
Romania oo Russia ecoe Slovak Republic ®*® South Africa oee
South Korea oee Spain oo Sweden oo Switzerland oee
Taiwan oo UK oo Ukraine oo United States eeee
Legend: Extensive R&D  ®®°®® Significant R&D  ®®*® Moderate R&D ®® Limited R&D ©®

The United States hadeenthe world leader inthe developmentand utilization of PT&F technology for
military electronicsystems, including navigation, telecommunicaticarg] dataransfer. Howeverthis leadership
role is waning a$J.S. R&D funds forPT&F technology haveleclined.The U.S. development efforts haveeen
traditionally funded as parts of the host programs they support. As these programs, GRS, eemchedmaturity,
the funding for PT&F development vanishedtoreign PT&Fdevelopmentsare increasing, particularly irFrance,
Switzerland, and in the ESA and associated research centers.

The following organizations have active research programs:

* United States
— Absolute Time — Hewlett Packard
— TrueTime Incorporated

« UK
— Trimble Navigation, Ltd.
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DATA SHEET 111-16.5. OPTICALLY PUMPED CLOCKS

Developing Critical .
Technology Parameter In next 5 to 10 years:

Provide stability and accuracy approaching 1 x 107" sec for reference systems using
smaller and lower power technology than ion clocks.

Critical Materials Laser diodes.

Unique Test, Production, None identified.

Inspection Equipment

Unique Software None identified.

Technical Issues Developing stable, long-life laser diodes at the wavelengths required for optically

pumped atomic clocks.
Fills the gap between low-power technologies and ion clocks for field use.
Power source may require further development for military applications.

Ruggedized standards required.

Major Commercial Telecommunication.

Applications

Affordability Beyond capabilities of most countries—low volume.
RATIONALE

The importance of this technology is becoming more evident with the deployment and operationab s of
GPS provides the means for accurate and stable time to be dissemirfateest@aroundhe world. The use of GPS
for timing is increasing, particularly in telecommunications and data transfer. As a result, the technology to maintain
and use precise time is becoming of increasing military importance.

The use of lasediodesfor optical pumpingand cooling of atomic systems tproduceclock signals is a
developing technology that will be adapted to field or system usetils. Low-power, fixed-mode dioddasersoffer
a natural means of interrogatiagd controlling small,ruggedized standardsr field or platform use. French and
Swiss companies have already introduced prototype small, optically pumped cesium and rubidium units.

Joint Vision 2010 states thatlvances ircomputer processingyreciseglobal positioning(precisetime), and
telecommunications will provide the capability to determine accurate locatidngrafly andenemy forces, as well
as to collect, procesanddistribute relevantata tothousands of locationgimely). JCS positioning, navigating,
and timing policy addresses the need for precise time and time-distribution systems. The Joint Science & Technology
plan identifies theneedfor precisetime and time-distribution systems, information superiority, includidigect
integration of GPS (precise time) with sensor outputs, distributed and collaborative virtual planning in real time, and
integrated cross-sensor tracking with unique target ID and real-time updates.

Potential military applications of this technolomglude bettersynchronization, identification, surveillance,
reconnaissance, remote sensing, and guidance. Improvements in time accuracyseWide) quickemetwork entry
for communications, IFF, and enhanced crypto; (2) provide better targeting/emitter location, sucharid@fable
spread-spectrum LPI; and (3) enhance network synchronization and allow higher data rates.

There are ncspecial requirements fahe U.S. Government to gairaccess tathis technology.There is a
national need to take POSITIME more seriously in Wimited States. The substantial margin of capabiditiged is
critical to continued U.S. superiority in precision radio navigation, battlespace interoperahiitige multitude of
missions dependent thereupon.
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WORLDWIDE TECHNOLOGY ASSESSMENT

Australia oo Austria o Brazil o Canada oo
China oo Czech Republic ® Finland o France eeee
Germany ecee Hungary ° India o Israel ®
Italy ee Japan ee Netherlands ee Poland o
Romania ® Russia ecoe Slovak Republic ® South Africa oo
South Korea oo Spain oo Sweden oo Switzerland oo
Taiwan ° UK oo Ukraine oo United States eeee
Legend: Extensive R&D  ®®°®® Significant R&D  ®®*® Moderate R&D ®® Limited R&D ©®

The United States hadeenthe world leader inthe developmentand utilization of PT&F technology for
military electronicsystems, including navigation, telecommunicaticarg] dataransfer. Howeverthis leadership
role is waning a$J.S. R&D funds forPT&F technology haveleclined.The U.S. development efforts haveeen
traditionally funded as parts of the host programs they support. As these programs, GRS, eemchedmaturity,
the funding for PT&F development vanishedtoreign PT&Fdevelopmentare increasing, particularly irFrance,
Switzerland, and in the ESaAndassociated researcenters. The French have been operatiith cesium fountain
clocks at the Paris Observatory for several years and are actively developing specéapplication. NIST is also
active in research in this area.

The following organizations have active research programs in this technology:

e France
— BNM Laboratories

e United States
— NIST
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SECTION 16.6—SITUATIONAL AWARENESS/COMBAT IDENTIFICATION

Highlights

* RFID technology using secure, encrypted, millimeter waveform in the 33- to 40-GHz Ka-band will rerpain
the primary NATO IFF capability to identify friendly forces in the battlespace for the foreseeable futuré.
Advances in RFID technology will continue to improve performance, cost reduction, and size reductign.

« Advancements in long-range ATR databases, algorithms, and decision-aided tools, reducing the time heeded
to identify targets by a factor of three, will continue to complement RFID technology for positive identifi-
cation of friendly, foe, and neutral targets.

* Increased usage of overhead intelligence, navigation, communication, and imaging sensor assets, usging a
common three-dimensional position and precise time grid reference, together with RFID/ATR systens, will
provide reliable, positive, long-range identification capabilities within the lethality range of weapons.

OVERVIEW

At this time, thisnew section on SA/CIDwill only focus on the technologies thaptoducesuperior CID
performance in the air-to-surface and surface-to-surface capability. Future updatesioEumentmay addressother
SA/CID areas, including:

*  Weather

e Air and ground traffic control

e Obstacle/ground/terrain avoidance
e Missile warning

e CID (air to air and surface to air).

SA includes all of the environmental, positionahdtime conditions (past, presemind projected futurejhat
affect the capabilities of the warfighter. Combat stress levels are inversely proportional tacR/f SA will lead
to adverse military decisions at all levels of command. CID plays a major role in achieving the capabilitgt to
and maintain a coherent tactical picture as discussed in the Section 16 owwiawFigure 16.6-1 below. CID is
the capability todifferentiate potential targets—mobilend fixed, over largeareas with correspondinglong
distances—as friendpe, or neutral in sufficientime, with highconfidenceand atthe requisite range tsupport
engagement decisions and weapon release.

The technologiesnclude those neededfor positive, timely, and reliable identification of friendsfoes, and
neutrals; classification of foes by class, typed nationality; andinteroperabilityrequiredamong the U.S. military
and allied nations. The challenges are enormous, particularly in three spesafic (1) a cooperative/noncooperative
sensor systemg?2) a command, controknd communications (C3) systems—in particular, digdakalinks and
radios,each ofwhich contributes a portion to the CID soluticamd (3) artificial intelligencetools that will fuse
sensor and information, providing the warfighter with near-perfect, real-time discrimination betweenatalgets-
targets on the battlefield. As such, CID is viewed as a capability, not a single system or techndkygen-of-
systems” approach is required. This subsection will consolidate the critical technelddjiessed ithe other MCT
sections/subsections [Section 10 (Information Technology), SectioflLdsersand Optics), and Section 18
(Sensors)], as well as explore other technolotfies will provide increasingly superioperformance ofSA/CID
capabilities.

' Joint Warfighting Science and Technology Plan: Combat Identification.
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This subsection will discuss three classes of technologies:

» SensorsThe target is characterized either noncooperati(ely., jet-engine modulation, high-rangesolu-
tion radar, orelectronicsupport measures) or cooperativelg.g., MK XIlI (IFF) system orBattlefield
Combat Identification System (BCIS)].

e C3 (particularly digital datalinksand radios). The targetdeclares(either periodically or whemueried) its
identification and position in areferenceframethat the“shooter” can correlatsvith its own weapon and
sensor system (e.g., Link 16).

« Artificial Intelligence Tools Vast amounts ofdata will need to beprocessed, correlatedtored, and
displayed inreal-time to be useful to a warfighter. #dols include expertsystems, intelligent agents,
decision aides, modeling and simulation, and virtual reality.

Figure 16.6-1. Concept Combat Identification

Currently, thecooperative tri-Service Mark XIRF/IFF system(circa 1970's) is the Q&A technology to
identify friendly forces. Non-responses are considered unknown. Visual identification is used for neutral identification
and foeidentification in theair-to-surfaceand surface-to-surfacareas, respectivelyl.here is no long-ranggositive
identification capability on the ground. As the lethality of weapon systems increases, apéeithenderocity with
which land battles are fought become greater, the need for systemslithaitl warfighters in reducindratricide are
paramount. Making positive visuatlentification is difficult with allies and enemies usingdentical combat
platforms and fighting battles unddegradechaturaland man-madeonditions (obscurants, darknessin, dust, and
fog). As proven in OperatioBesertStorm, the confusion of epidly moving air-landbattle using multinational
forces creates a situational awareness nightmare.

Limitations in sensoresolution—coupledvith variations in target aspect, statmuntermeasuresnd the
battlespacesignal propagation environment—complicate the job of target labeling. Improvements in sensors and
target databases that expand the envelope of performance fosyhtsmsare necessary to increaseget range, 1D
accuracy, and reliability.
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Cooperative identification senssystems, which onlydentify friends, havehe advantage obeing less of a
technical challenge; however, thegquireall friendly potential targets to bequippedwith the samecorresponding
identification equipmentThis limitation will requiremore combineduse of bothcooperativeand non-cooperative
sensor systems.

OverheadCID technology sensor improvements thain interpretimaging and nonimaging sensodata to
reliably identify the target ID innear realtime are necessaryCommunication improvements isecureddata
dissemination of SA multimedia informatiafown to the lowest mobileechelon isrequired. The unprecedented
amount of raw information produced by modern sensor sysiadthe effectiveness of C3ystemscan overwhelm
the capability of human operators and decision makers, requiring the need for a reliable automatediidetmidn
CID can be highly useful only when it is fully integrated with both @@ weaponsystems. ClDrequires effective
andtimely synchronization of communications systems vdétafrom real-time surveillance, target tracking, and
intelligence systems.

Affordability and exploitability are major barriers to having universal CID capability:

e Affordability. The cost of CID suites thadre properly integratedwith the weapon sight (both
cooperativeand noncooperativepre usually prohibitive if theyare not form, fit, function and inter-
changeabl€F3I) with an existing sensor or systeddditional functionality in the form of communi-
cations, SA, or sensing is helpful in making CID maffrdable.The affordability of asystem will also
vary significantly depending on the environment in which itessideredAviation/maritime systems are
generally more expensive thamound—basesdystems. As a result, solutions thae programmatically
“affordable” for aircraft/maritime platforms are often prohibitively expensive for combat vehicles.

If the identification isdetermined by an off-boarsensor there isthe addednecessity to passorrelate, and
provide the warfighterthe requiredinformation in a timely fashion. Thieequirement to correlate an identification
label with a sensoareturn in the“weaponsight” is a key discriminatoand asource ofsignificant cost for the
systems. Technology thatiseghe integrationoverhead of a CID-relateslystem omreducests component cost is
required.

e Signature Exploitability . Noncooperative techniques of identificaticare most attractive to
warfighters because of theability to generatdabels for foe friend, andneutral contactandbecause they
can provide additional identification information on adversageg., platform type, class, nationality). For
air/ maritime targets, the current capabilities of these systems are limited in range aasfigutliness of
reporting. The result is that the indications from this class of systemiequently inthe “unknown” or
“not available” state. Improvements in sensors and target databases that expand the enpelgrenafice
for these systemsre necessaryFor combat vehicles, the signal environment is such thhable
identification atmaximumweapon rangeemains a significant technical challeng@nitations in sensor
resolution—coupledvith variations in target aspect, statmuntermeasuresnd the battlespace signal
propagation environment—complicate the job of target labeling.

Other issuesare reliability and security. Unless the system 190-percentreliable, possibilities exist for
fratricide in combat. Antennas and other external devices (the BCIS uses an externally rmaospedderinay be
blown off during combat, rendering the system useless. Another problem is security. If ancaneeag,jam, or
duplicate the incoming or outgoing signals, the systesffexctiveness becomes severdbgraded. Ithe signals are
not of an LPI nature, an enemy is likely to be able to localize emission sources and target them.riascalable
to expect that some of our systems will fall into endrapds; thereforegur system must beeprogrammable. A
different type of active system does not require interrogations but periodizadlmitsrequiredinformation such as
identity and status in the blind. This information “strobing” would have to be speairatjye to prevent detection,
but could simplify the overall systenand allow one-half ofthe ID equation to remaimpassive. RFID tagging
technology hagreatpotential. Thisbar codesystem with a braimndvoice canprovide security in“secure”areas
when the RFID tag is attached to the warfighter.

In the next 3-5 years, RFID technology ussegure, encryptednillimeter waveform inthe 33- t040-GHz
Ka-bandwill remain the primary NATOFF capability toidentify friendly forces inthe battlespace for the
foreseeablduture. Advances inRFID technology will continue to improvperformance cost reduction,and size
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reduction. Figure 16.6-2 shows the architecture interface concept for future U.S. Army combat identsfycations
to improve air-to-surface and surface-to-surface capabilities.

Exploratory Combat ID Architecture

% Longbow
= Digital - S

LINK 16VMF
sSADL
SABER

Figure 16.6-2. U.S. Army’s Combat Identification Concept

* For surface to surface. Improvements in millimeter-wave technology, such as Wh®. BCIS, will
provide identification offiendsfrom unknowns atdistances up to 14&m, day or night, with accuracy
greaterthan 97 percenteducingthe risk offratricide. BCIS allows the gunner artommander tomake a
rapid shoot/don’t shootlecision atthe point of engagement. Shooter platforragy., tanksand fighting
vehicles,are equippedvith BCIS interrogator/transpondeunits that interrogate suspect platforms and
respond tointerrogations from other shooters. The interrogatiwacess is automaticallyriggered by
activation of the shooter’s laser rangefinder, which sendsnarypted query tdhe targetedplatform. If the
target is friendlyjts transponder receivahe query andrespondswith an encrypted answefnonshooter
platforms are equippedvith BCIS transponder-onlyunits). When the interrogatoreceives arencrypted
answer, it gives a “friend” response to the gunner/commander. If an invalid answer or no ansg&ved,
an “unknown” response iprovided tothe gunner/commandewho then must continue usirepgagement
tactics, techniques, and procedures. Responses are provided visually in the gunner’s sight, as an audible tone
on the intercom system, or both, eliminating the need for a gunner to remove his eyes from the target.

* For air to surface. TheU.S. Army’s single channel groun@ndairborneradio system (SINCGARS)
improvement program [SIP(+)] is a “Don’t Shoot Me System,” consisting of a SINCGABS modified
to use aGPS-coordinate-basetessage, enabling rotary-wirgjrcraft to interrogate ground-combat plat-
forms equipped with SIP(+) radios using a “Don’t Shoot Me” net feature.

In operation, theirborneSIP(+) radio transmits the interrogation message, whiddludesthe targetedposi-
tion. If an interrogation is detected by the SIP(+) ground radio and the target coordinates match, it tréismits a
Shoot Me” response to tharborne interrogator. Thiotal interrogation/responggycle should take smaximum of
2.3 sec. Future improvements may reduce this to less than 1 sec.

In the next 5-10 yearsgdvances inATR algorithms and systems will provide apassive capability to
distinguish between targets and nontargets automatically and noncooperatively. Concurrent with sigavticass
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in information systemgseeSection 10), ATR algorithms will besedmore andmore as a complement to RFID
systems (i.e., BCIS/SINCGARS + ATR). During this period, ATR algorittewelopmentvill achievesignificant
growth, particularly in integration with multisensoasd new ATR techniques(i.e., matchedfiltering, pattern
recognition, model based, and clutter and edge modeling).

e For surface to surface. The Land Warrior System, afirst-generation integratefighting system for
dismounted combat soldiers, will enhance shédier's battlefield capabilitiethrough thedevelopment and
integration of a variety of Army componerdadtechnologies into a cohesivegst-effectivesystem. The
Land WarriorSystemincludes a computer/radsubsystem, a GP&ceiver, anagnetic compass, dead-
reckoning navigator, VHF and UHF radios, and a video capture capabilitynfElgeatedHelmet Assembly
Subsystem includes a heads-up display and image intensifier for night opeaatiomseaponssubsystem
with thermal weapon sight, close combat optics, videoerawith a video capturecapability, laserange-
finder/digital compass, and an infrared laser aiming light. The system also includes protettivg, load
carrying equipment, body armor, a chemical/biological mask, and a laser detector. Improvementhiduring
period couldmaximize the tactical Clperformanceawith a view of thebattlefieldthat exploits the time-
critical combat informatiorprovided by anintegrated SAand target identification(Tl) system. Future
potential capabilitiemre ATR and external neareal-time (NRT) sensor cueing frooverheadradar and
satellites. To overcome the exploitable issues addressed and approach the 100-percent-neiihhiegiire
both active and passive technologies to be used. For active interrogation/responses should be multispectral;
utilizing acoustics, IR, visual bands, RF, millimeter wave, and laser beams. It iscatemable to expect
that some systems will fall into enemy hands; therefore, the system must be reprogrammable.

e For air to surface. Improvements in communication systems (see Section 10), such as tNatiaial
Guard's Situational Awareness Datd.ink Forward Air Controller (SADL FAC) systemcould provide
information onfriendly ground forcepositions as well asalculatethe position location ofaser targets.
This system determines friendly ground force positions through use of the SADL (EPLRS) radidarkhe
VII Laser Rangefinder and the Precision Lightweight Global Positioning SyRtmraiver(PLGR) generate
the target location information. This information is digitally transmitted via the Séddlo tothe SADL-
equippedCAS aircraft. Another example ishe U.S. Navy's Situational Awareness Beacowith Reply
(SABER) program, whictconsists of a miniature UHF SATCONtansceiverand anintegrated GPS
receiver to provide a combined SA/direct-target dBlution for ground platform, fixed-, and rotary-wing
aircraft performing air-to-grouncanissions. Abeacon is installed on friendly groumdiatforms toenable
them to periodically transmit an identification code, geolocation (position) information, and othgladtest
form data either directly to line-of-sight receivers using ultrahigh frequency (UHF) radios or indirectly via an
UHF satellite link using a low probability of intercept/low probability deftection(LPI/LPD) waveform
called “Collection of Broadcasts from Remote Assets” (COBRA).

In the next 10-20 yearfyrtherimprovements in information systems wjfovide a newclass ofhigh-data-
rate, networked radio communications as part of command and control systems. Thesdltadasthe ability to
deliver datawithin specifiedtime lines using prioritizatiorand quality of servicerouting techniques. Theom-
bination of higher data rates, more reliable networkamglquality of servicerouting will enable these networks to
provide significant, timely information oftiendly situations, toinclude friendlylocationsandidentifications. This
information will contribute directly to Combat Identification. A particularly critical enabling set of technologies for
these new high-data-rate radio communications systems will be low probability of intercept (LPI)/low probability of
detection (LPD) waveforms. Wavelet overlay technology is particularly critical. Use of multisémsgratedwith
ATR algorithmsand datebasesand nanotechnology (providing moudfordableposition and precisetime tagging)
will also significantly increase SA/CID reliability and reduce target ID time to near real time. For exampleSthe
Air Force Spacecas?020 studysuggested an exot&pace-basethrget recognition scheme in which a labeam
from a satellite would scan the battlefield, and the reflected energy would be analyzed by sensors on the spacecraft. By
comparing the spectra, identificatiorould bepossible.Friendly tanksandaircraft could bechemically coated to
produce acharacteristicspectrum wherexcited bythe space-basethser, proving alegree oflFF capability. Using
techniques likened to “licking” and “tasting” to identify objects on the ground, the lickindd bedone by a laser
beam fired from aatellite, whichwould beequippedwith sensors thatvould “taste”the spectrum of theadiation
reflected back from the target. By comparing this with a database of know tastmsddtbepossible toidentify an
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object. Friendly tankandaircraft could becoatedwith a chemicalthat produces a characteristgpectrumwhen
excited by energy of a certain frequency or other characteristic.

e For surface to surface. Therangeandreliability at which identificationcan bereliably accomplished
can be improvedavith increasedise ofoverheadassetdata andmage technologyand more use of smart
RFID tagging. All weapons coulihclude semi-passive interrogation systems tle#dthe identity from a
tag or label of some type, such as an RFID, onvtfecle or personintegratedwith a passivesystem,
ATR pattern recognitiorcould discriminate enemiegsom friendly and combatant from noncombatant.
Using ATR and pattern recognition logicould assist in threatletermination of nhoncombatantsased on
discriminators such as vehicle type, color, and motion, or observations that personnel are carrying weapons,
moving in a tactical manner, etc.

e For air to surface. A fully interoperableNATO C3 system (such as Link 16/22puld provide
(1) friend identification automaticall{for all friendly combat participants on the network); (2redium
for passing hostile/neutral identification generated from other sensors/sources; and (3) a medium for passing
friend identification (for those platforms not on thaetwork) generatedfrom other sensors/sources.
Addressing the interoperability issue, the Unifdtes is migratingowards al—series family oflatalinks
to include Link 16 for air operations, Link 22 for maritime operations, and variable message format (VMF)
for ground operations. For air, maritime, agrdundweapons, thisould play a significant role in sorting
friend from foe or neutral in the battlespace.

By 2025, friendly troopsnd equipmentwill enterthe battlespacwith their personal identifiers. Thdentifi-
cation mechanismsould be inthe form of microchips worn by ambedded inthe soldiers. The same principle
could be applied to vehicles. An active or passive systeud identify friendlies byreading adabel attached to an
object. As the battlenet sensatstect eactiarget in the battlespace, they apply a physical label to the target. For
example, a particle beamimprints codedinformation on the exterior of specialpainted vehicles oirradiates the
clothing of exposedoersonnel. Labelplaced ontargetscould bemagnetic, optical, or electroniandcan besized
down to the molecular level. The label contailagathat includesthe type of targetdatetime group,andmilitary
unit controlling the vehicle or person. Sensors would be required to interrogate an urkarwsponder, analyze the
responseand determine ifthe responsecame from a friendly system or adesignatedhostile system. If the
interrogator receives a response that does not correspond to kiewity systems or fails toeceive aresponse at
all, the interrogator activates separateseries of identification methodsvolving discriminators such amaterial
composition, acousticelectromagnetic, thermal, or vibration signatures. §itwations involving a mixture of
hostile forces and noncombatants in an environment where no external evidence distinguishes the twaiaarot or
disturbance, for example), the system may need only distinguish between friendly “tagged” personnel and others.

RATIONALE

U.S. forces must be able to positivétientify all targets in thebattlespace foall combat missiorareas—air
to air, air tosurface, surface to surfa@nd surface toair. Surface includegand, seaand subsurface—otherwise
known as ground and maritime. The CID need is essentiabfomanders to effectivelield, at anytime, fighting
forces that can rapidlgnd positively identify enemiesfriends,andneutrals in the battlespac@anageand control
the battle area; optimally employ weapons and forces; and minimize the risk/occurrence of ffatricide.

Lack of positive target identificatioandthe inability to maintain SA in combat environmeatethe major
contributors tofratricide. Vehicle commandergunners,and attack pilots cannot distinguistriendly and enemy
thermal and optical signatures at the ranges at whichddeybeacquired.Our weapongankill beyondthe ranges
where we have clear ID. Our tactics lead us to exploit our range advantage over the enemy. Duringidiiviied
or in restrictedterrain, units in proximitycan mistake eachother for the enemypecause ofshort engagement
windows and decision time. We do not have a means to determine friend or foe, other than visual recognition of our
forces and the enemy’s.

2 Joint Warfighting Science and Technology Plan: Combat Identification.
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When the enemy and our allies are equipped similarly, and when the enenty. Sisequipment, the problem

is compoundedSimple, effective fire and maneuvercontrol measuresand plans, good SA, and disciplined
engagements are absolutely necessary. The long-vésiga of CID is toenableU.S. forces topositively identify

all targets in the battlespace for all combat mission areas. Our fighting forces must berapiéyt@and positively

identify enemies, friends, and neutrals; manage and control the battlegp@cally employweaponsandforces to

increase economy of force; lower combat attrition and increase enemy losses; and minimize the risk and occurrence of
fratricide. To achievehis will requiresignificant improvements in these critical technologies: sen&#sand Al

tools.

WORLDWIDE TECHNOLOGY ASSESSMENT

The development leaders of SA/CID technologies are for the modbpatedwithin the NATO countries. To
coordinate national combat identification work, France, Germany, theabdkhe United Statesestablished dour-
nation Combat Identification Working Group (CIWG) in October 1992. A final report in Januaryré@9@mended
Ka-band (33-40 GHz) Q&A as the most costand operationally effective technology for interoperabléarget
identification for thelong term (2001+). This waapprovedandthe four-nation CIWG is working talevelop a
standardization agreement (STANAG) for NATO target identification.

Under aprogram beingointly conducted bythe U.S. Air Force’'s Wright Laboratory, the Massachusetts
Institute of Technology/Lincoln LaboratorandiaNational Laboratories, the).S. Naval Air WarfareCenter, the
U.S. Army Research Laboratory, and 15 other univessityindustry organizations in thenited States,signature-
predictioncodes ardeing developedThesecodeswill copewith frequenciesanging from B to Kband andwith
targets consisting oélectrically conducting material, homogeneausl isotropic frequency-dependennaterials,
radar-absorbing nets, and nonmetallic structures made from glasarfitother semitransparent materials. The task
of compiling the more than 10 million signatures and images required for noncooperative target recteymkipA
ment and operational fielding will take several years, even with fast computers running around the clock.

Artificial
Country Sensors C3 Intelligence
Australia oo eee oo
AUStria [ X ] [ X X ] [ X ]
Belgium o
Canada [ X ] [ X X ] [ X ]
China [ X ] [ X ] [}
Finland ® ®
France (X X X ] (X X X ] (X X X ]
Germany (X X X ] (X X X ] (X X X ]
|Srae| [ X X ] [ X X ] [ X X ]
|ta|y [ X ] [ X X ] [ X X ]
Japan [ X ] [ X X ] [ X ]
Russia [ X X J [ X X ] [ X ]
South Korea b
Sweden ® oee
Switzerland oo
UK (XX X ) (X X X ] [ X X ]
Ukraine oo b
United States eooe oo eoee
Legend: Extensive R&D  ®®°®® Significant R&D  ®®*® Moderate R&D ©® Limited R&D ©®

Figure 16.6-3. Situational Awareness/Combat Identification WTA Summary
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DATA SHEET I11-16.6. IDENTIFICATION FRIEND OR FOE,
MILLIMETER-WAVE (mmW) TECHNOLOGY

?ggﬁ#%?gg%gﬂgﬂeter In the next 3 to 5 years:
Ground-to-ground identification ranges 5-25 km day or night, clear sky, rain, or dust.
Air-to-ground identification ranges 100—-200 miles.

Identification time: < 1 second.

Probability of correct ID 90%—97%.

Critical Materials None identified.

H’;ﬁé’;igﬁséh Eirgg‘é‘;tt'on’ The Battlefield Identification System Environment and Performance Simulator

(BISEPS) system has been developed in support of MMW/BCIS performance
evaluation. BISEPS computes the probability of correct identification and measures
net latency.

Unique Software The various technologies that will reduce fratricide must be integrated into an overall
architecture.

Can be configured to send, receive, and display secure, digital information with other
similarly equipped units on the battlefield.

Technical Issues Requires friendly targets to respond to interrogation. Assumes non-responses as
unknowns.

Detectability/exploitability of signals.

Major Commercial Air traffic control, vehicle identification, railcar stacking, and location.

Applications

Affordability Integration and interoperability are major cost drivers.
RATIONALE

This technology provides positive identification of friendly platforms and dismounted soldiers fromrdartil
andair weapons platformanddismountedsoldiers. Systemnincludes interrogatorand transponders combined for
shooters and transponders only for nonshooters

Improvements in mmW technology, such as th&. BCIS,currently provide identification ofriends from
unknowns atdistances up to 14&m, day or night, with accuracy greatethan 97 percentreducingthe risk of
fratricide. BCIS allows the gunner ocommander tomake arapid shoot/don’t shootdecision atthe point of
engagement. Shooter platforfesg., tanksandfighting vehicles)are equippedvith BCIS interrogator/transponder
units that interrogate suspect platforms and respond to interrogations from other shooters. The intgrogason
is automaticallytriggered byactivation of the shooter’s laseange finderwhich sends an encrypteguery to the
targeted platform. If the target is friendiys transponder receivebe query andrespondsvith an encrypted answer
(nonshooter platforms are equippeidh BCIS transponder-onlynits). Whenthe interrogatoreceives arencrypted
answer, it gives &riend” response to thgunner/commander. If an invalid answer or no answeaedgived, an
“unknown” response igrovided tothe gunner/commandervho then must continue usingngagement tactics,
techniques, and procedures. Responses are provided visually in the gunner’s sight, as an audible tone on the intercom
system, or both, eliminating the need for a gunner to remove his eyes from the target.

This technology supports the Joint Vision 2010 goals of dominrteuverand precision engagement by
providing a clearer picture of enerandfriendly locations in the battlespacknowledge ofthe preciselocation of
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dispersed friendly forces and enemy forces will enhance standoff capabilities of weatimis lahgest lethatange.
CID technology is a major element of the Joint WarfightBaienceand Technology Plan talifferentiatepotential
targets adriend, foe, or neutral in sufficientime, with high confidence,and atthe requisite range tsupport
engagement decisions and weapon release.

An mmW Transpondeifor dismounted-soldie€ID is underdevelopment bythe U.S. Army. Aprototype
brassboard Ka-band transponder, which used a state-of-thigiaistability dielectric resonatooscillator transmitter
for interrogation, wasleveloped andemonstrated. Aow-noisereceiver andnitialization circuitry were designed,
built, and used talemonstratehe feasibility of using mmWw technolodgr CID. The mmW approach to soldier
CID offers ahighly portabledevicethat can penetratesmoke, fog, dustandrain and have alow probability of
intercept and low probability of spoofing or jamming.

Continuedresearch tantegrate noncooperative technologies, suchBR, and overheadurveillance/intelli-
gence information, needs to be pursued to validate a Q&A systemiesponder a®e. Reducingthe time for the
shooter to obtain a positive identification should also be a major objective of the research.

This Q&A technology willremain the primary means of NATO to identifyjendly forces in a combat
environment for the foreseeable future. However, future integration with other noncoopatdtVER technologies
will enhance its capabilities to provide a positive identification, not only of friendly targets, bubaland neutral
targets.

There are no special requirementstfoe U.S. Government to gaimaccess tahis technology. The substantial
margin of capabilityadded iscritical to continuedJ.S. superiority in SAandthe multitude of missionslependent
thereupon.

WORLDWIDE TECHNOLOGY ASSESSMENT

Australia ° Austria o Belgium o Canada eeoe
China ® Finland o France eeoe Germany eoee
Greece ® Israel oo Italy oo Japan ®

UK eeee United States eeee

Legend: Extensive R&D  ®®°®® Significant R&D  ®®® Moderate R&D ®® Limited R&D ®

MMW researcHor CID is beingcarriedout primarily by NATO countries. At present, thenited States,
France, Germany, and the UK are the world leaders.

The following organizations have active research programs in this technology:
* United States

— Magnavox — Raytheon
- TRW
e France
— ALCATEL — Thomson-CSF Communications

« Germany
— Daimler-Benz Aerospace AG

+ UK
— British Aerospace Systems, Ltd.
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DATA SHEET 111-16.6. DATA FUSION/ARTIFICIAL INTELLIGENCE/
DECISION AIDS TECHNOLOGY

Developing Critical Fuses information from a wide variety of sources to bring the confidence factor of the
Technology Parameter . .
target identity to near 100 percent.
Critical Materials None identified.
Unique Test, Production, None identified
Inspection Equipment ’
Unique Software Algorithms for tracking a large number of targets in a cluttered environment.
Technical Issues To develop the capacity to reason in the face of uncertainty and to fuse information

from disparate sources.
Timely ability to combine, analyze, and integrate enormous volume and variety of data.

Multisensor integration requires expanded network communication bandwidth.

X“;"é‘l’ircgt‘i’éﬂg‘emia' Manufacturing quality control, internal medicine, financial market analysis, information
retrieval.

Multimedia medical database. Waste management.

Affordability Integration and interoperability are major cost drivers.

RATIONALE

Complex problem solving in warfighting typically requires the problem solver to access and combinamata
multiple sources and to develop a dynamic assessment of an evolving situation. Data fusion focuses on providing the
distributed tools and systems infrastructure to fuse data from multiple network sources. These data are witmbined
other knowledge and planning tools to make and evaluate several alternative plans. This could improve the ability to
detectnew situations, developand evaluate alternativglans, and respond quickly tonew combat threats and
opportunities.

Advanced information fusion will bexpected to provide near-perfe@al-time discrimination between targets
and nontargets on the battlefield. Al technologies will be key to solving the awareness/ knowledge protiets. Al
aid decisionsystems, intelligent agents, modeling, simulatiandforecasting. Vast amounts of digitdata will
need to beprocessed, correlatedtored,and displayed without swamping users. Thdata base of a particular
battlespacewill have to becontinuously updatedwith real-time information to make it useful to vearfighter.
Multisource integratiorand datausion will reducethe shooter’s workload/stress levels by providiegevant and
accurate information of the tactical battlespace picture. Current methods of data fusion are

« Extended Kalman filtering
* Model-based approaches
¢ Wavelet decomposition

« Atrtificial neural networks
e Fuzzy logic.

The QuadrennialDefenseReviewidentifies the key to future success 10rS. forces asbeing anintegrated
“system of systems,” linking intelligence collection and assessment, C2, weapons sgatisupport elements to
achieve battlespace awarenégsshieving this will requirevast amounts oflata, necessitating automatidecision-
making tools.
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This technology supports the Joint Vision 2010 goals of domin@rteuverand precision engagement by
providing a clearer picture of enerandfriendly locations in the battlespacknowledge ofthe preciselocation of
dispersed friendly forces and enemy forces will enhance standoff capabilities of weatiis lahgest lethatange.
The fusion of all-source intelligence with the fluid integration of sensors will allgreaernumber of operational
tasks to be accomplished faster.

CID technology is a major element of the Joint Warfight8&T Plan to differentiate potential targets as
friend, foe, or neutral in sufficientime, with high confidence,and atthe requisite range tesupportengagement
decisions and weapon release. The Joint Warfigl8i&@ Plan’s precisiorforce identifies the use afmultisensors,
ATR, andsensor fusion as key technologiesprovide areal-time, fused battlespacewith integrateddecision-aid
tools. The Navy CID Working Group concluded that multisource integration and data fusion are required to meet CID
requirements.

A data-fusion system for identifying and classifying active sonar contacts is being developedn$.thavy.
It analyzes various sources of data and fuses the response into a single opinion, answer, or decision.

Battle damage assessment (BDA) today is a haphazard, unlinked, slow processdarfiedd to BDAreports,
spot reports, and other intel fragments; gun-camera footage; and CNN. A DARPA program uses nusdeisitee
what information isrequired toassesst, requeststhat information to begathered,passescondition-of-interest
requests to externalituation monitorsreacts to newnformation by relating it to theéequesting model agent,
updates models, and produces assessrhents.

Methods developed in the field of Al include the following:
¢ Common-sense reasoning
«  Nonmonotonic logic
e Circumspection
e Algorithms used in neural networks
» Extensions to Bayesian calculi.

Most ATR development, beinpased onanalysis of single imagffamesand segmented targetgions, is
currently limited to the pattern recognition subset of recognition theory. NtreralizedATR processingwould
take advantage ofmultiple geo-registereihformation sourcesindtemporallydisplacedata in order todynamically
reason about situations. A future is feasible where sensors and information will be ubiquitous.

There are no special requirementstfoe U.S. Government to gaimaccess tahis technology. The substantial
margin of capabilityadded iscritical to continuedJ.S. superiority in SAandthe multitude of missionslependent
thereupon.

Further research and developmenhézded todevelopthe capacity to reason ithe face ofuncertaintyand to
fuse information from disparate sourées.

®  www.teknowledge.com

4 Information in Warfare Chapter 3, www2.nas.edu/nsb2/iw3.htm
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WORLDWIDE TECHNOLOGY ASSESSMENT

Australia ° Austria o Belgium oo Canada oeoe
China ® Finland o France ecee Germany eeee
Greece ® Israel oo Italy oeoe Japan ®
Norway oo Russia oo Spain oo Sweden oo
Switzerland oo UK eeoe United States eoee

Legend: Extensive R&D  ®®°®® Significant R&D  ®®® Moderate R&D ®® Limited R&D ®

Data fusion and artificial intelligenceresearch isbeing carried out throughout thendustrialized world. At
present, the United States, France, and Germany appear to be the leaders.

The following organizations have active research programs:
* United States

— AlphaTech — Coleman Research Company
— Naval Research Laboratory (Navy  — Raytheon

Center for Applied Research in Al)
— Sona Lyst Incorporated — SRI

— Sterling Software

* Norway
— Universitetet | Oslo

* France
— Alcatel — Laboratory SURFACES
— Thompson-CSF — University of Paris
e Germany
- FGAN — Humbolt University
— Technical University of Braunschweig
« UK
— British Aerospace — CNR
- TWI

 Switzerland
— Dalle Molle Institute for Studies on Al — Swiss Centre for Scientific Computing
— Swiss Federal Institute of Technology
* Netherlands
— Hollandse Signaal
» Denmark
— Aalborg University
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DATA SHEET I11-16.6. AUTOMATIC TARGET RECOGNITION (ATR)

ALGORITHMS

Developing Critical
Technology Parameter

In next 5 to10 years:

Model-based or neural-network-based reasoning integrated with pattern recognition
promises reliable target detection with low false alarms (0.01 false alarms/km?).

Critical Materials

None identified.

Unique Test, Production,

Inspection Equipment

None identified.

Unique Software

Algorithms for tracking a large number of targets in a cluttered environment.

Technical Issues

ATR algorithms must cope with three-dimensional objects, the exact shape of which

may be poorly known and which may appear at any orientation, under widely varying
lighting and visibility.

Decoys, camouflage, shadow, or darkness can deceive a shaped-based ATR system.

Increasing capacity for dense memory storage, computer processing speeds, and high
bandwidth for data transfer.

Major Commercial Tracking high-value vehicle and rail cargo. Robotics. Medical analysis.

Applications

Affordability Integration of ATR and sensor data is a key affordability issue, which can reduce
warfighter workload and stress levels.

RATIONALE

ATR algorithm technologyrovides a noncooperative, real-tima@pability beyondthe visualrange of target.
This capability, whenntegratedwith othercooperative identificatiosystems,provides a venhigh probability of
detection and identification of frienéhe, andneutral targets. Thdevelopment oboth data-driven and model-based
approaches using single and multiple sensors are two means to achieve this capability.

ATR data-baselevelopment includes target signature modedindscenesynthesisefforts that support ATR
algorithms for single/multisensaglectro-opticsand radarsystems. Signature modeling is critical rapid target
identification. Syntheticdataalso provides a practicaineans of exploring complex, multi-sensor ATRsigns.
Scene synthesgwzovide high-fidelity models for distributed, interactivemulations to assessew ATR tech-
nologies A new method ofedge detection and image enhancement overcomesany of thedefects of past
approaches bjocating edgeswith subpixel resolutiorandlimiting edgedistortion® Better clutter modelingtech-
niques will improve detecting a tank or truck in a heavily cluttered environment, such as a baditlefield.

Joint Vision 2010identifies ATR technology as a means @mhancethe detectability of targets across the
battlespace, improve detection ranges, turn night into day, and reduce thefrégkioade. This technology supports
the Joint Vision 2010 goals of dominant maneuver and precision engagement by providing a clearer pictong of
andfriendly locations in the battlespacknowledge ofthe preciselocation ofdispersedriendly forcesand enemy
forces will enhance standoff capabilities of weapons at its longest lethal range. CID technology is a major element of

5 1997 Defense Technology Area PldBgensors, Electronics, and Battlespace Environment.”

¢ “Digital Signal Processing,” Seminar, The University of Texas at Austin.

" www.cis.ohio-state.edu
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the Joint WarfightingS&T Plan todifferentiatepotential targets afsiend, foe, or neutral in sufficientime, with
high confidence, and at the requisite range to support engagement decisions and weapon release.

An application for ATR systems is the ability tletecttargets passively for eithelirectattack or subsequent
attack by conventional or guided weapons. It can ptewide high-accuracterminal guidancefor “smart” missiles.
If a gyro navigation system, GPS, or other systems can steer the missifgettisalydefinedlocation, the task of
the seeker anthe complexity of its ATR algorithms will be significanttgduced Another application involves a
mathematicabpproach to target identificatiarsing areconnaissancghoto that isscannedlirectly into the ATR
system. Matching the entire digitized scene to a real-time infrared image of the target area makes the ATR insensitive
to landscapehangesthat can obscurdargets, e.g.scenecontrast, battledamage,smoke obscurationseasonal
changes, and thermal contrast.

In the future, ATR-type systems will be a significant addition to the NATO Q&A systems, and they will be in
high demandfor future warfighting,where the requirement isnot only to reduce fratricide, but also to reduce
collateral damage to civilians and civilian infrastructures. Currently, this technology is in its infancy, with no single
ATR algorithm suitable for all combaituationsandenvironments. For thiseasonATR technology should be
followed over time.

The following enhancements of this technology should be pursued:

e Largermass storagdevices, rapidetrieval,and faster computing processors, laveragedtechnology for
ATR systems (see Section 10)

» Expanded ATR model-based reasoning technology for multiple sensor sources of information

e Expanded hybrid ATR systems, including clutter modeling, scemadt®ehavioral modelsntegratedwith
sensor(s) for positive target detection and identification.

There are no special requirementstfoe U.S. Government to gaimaccess tahis technology. The substantial
margin of capabilityadded iscritical to continuedJ.S. superiority in SAandthe multitude of missionslependent
thereupon.

WORLDWIDE TECHNOLOGY ASSESSMENT

Australia oo Austria o Belgium ° Canada oo
China ® Finland o France ecee Germany oo
Greece ® Israel oo Italy oeoe Japan o
Norway ee Russia ® Spain ® Sweden eeee
Switzerland ee Taiwan ee UK eoee United States oo
Legend: Extensive R&D  ®®°®® Significant R&D  ®®® Moderate R&D ®® Limited R&D ®

ATR research is moving to a maturity level. Numerous universitar&iwide haveresearctprograms inthis
technology. At the present time, the United States, the UK, Sweden, and France appear to be the leaders.

The following organizations have active research programs in this technology:
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United States

— Air Force Research Laboratory — Air Force Wright Laboratory
— Boeing — Carnegie Mellon University
— Center for Imaging Science — DARPA
(Washington University)
— HNC Software — Lockheed-Martin
— Massachusetts Institute of Technology Naval Surface Warfare Center, ID
Vision
— Navy Research Laboratory — Photon Research Associates
— Raytheon — SRI
— University of Missouri
UK
— British Aerospace — Defense Evaluation Research Agency
— GEC-Marconi — Matra BAe Dynamics
France
— Sagem
Sweden
— Ericsson Saab Avionics — Saab Dynamics
Norway
— Kongsberg Aerospace
Taiwan
— Hsiung-Feng
Australia

Defense Science & Technology
Organisation
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DATA SHEET I11-16.6. WIDE-AREA IMAGING AND SURVEILLANCE

SENSORS

Developing Critical
Technology Parameter

In next 5 to 10 years.

Imaging sensors will be able to detect targets in shallow hide and camouflage or
foliage.

Interferometric synthetic aperture radar (IFSAR) sensors will provide rapid production
of current and high-resolution terrain data over wide-ranging areas from airborne and
spaced-based platforms.

Laser radars will produce high-resolution DTED maps (see Section 16.3).

Resolution: 1 m at 500 km.

Critical Materials

None identified.

Unique Test, Production,

Inspection Equipment

None identified.

Unique Software

Integrating ATR algorithms and POSITIME systems with sensors.

Technical Issues

Processing the images over very large synthetic apertures (25-45 deg), removal of

man-made interferences (communications and television), and target detection in the
presence of numerous large clutter signals (tree trunks).

Transmission of ultrahigh volume surveillance information.

Major Commercial Tracking high-value commercial vehicle and rail cargo.

Applications

Affordability Mostly unique military hardware and software that will still rely primarily on government
investment.
Integration and interoperability are major cost drivers.

RATIONALE

This technology will provide target identification over a wide area of the battlefield,dagtlandnight, and in
all weatherconditions. Key technologiewill focus on thepenetration of camouflagend foliage. A newthird-
generation thermaimaging (Tl) cameraoperating in a 3-5 pnwavebandcan providehigh sensitivity in the
detectign and tracking of high-temperature target emissions, such as missile ghaivery high velocity airborne
threats:

Target identification can be achieved using sound waves. Time-delay spectrometry can be employed as a way of
isolating adesired reflecteagignal from other reflections. Thidramatically increasethe SNR when aneural-
network-basedlassification system issed. Propagation of sound in the atmosphegoverned by anumber of
interacting physical mechanisms, including geometspatading, moleculabsorption,reflection from a porous
ground, curved ray paths due to refraction, diffraction by gréapdgraphy,andscattering by turbulencéccurate
predictions of sound signatures from a distant soamost somehowaccount forall of thesephenomenasimul-
taneously. Although this goal is still beyond current capabilities, developments in computational tpmslifing
sound propagation through the atmospheaige increaseddramatically during recenyears. The computational
technigueshow include analyticakolutionsfor propagation above porous ground, analytazaltions for selected

®  www.bae.co.uk/static/p3108971.html
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atmospheric profiles, ray-tracing techniques which include interaction with the ground and meteorological conditions,
and more sophisticated numerical solutions to the wave equation.

The U.S. Army’s Foliage Penetration Radar technoldgyelopment program ifocusing ondetecting critical
mobile targets in shallovhide and camouflage. It istesting anultra-wide-bandsystem that has the ability of
penetrating the foliage canopy and detecting objects on the gground.

The conversion of interferometrgyntheticapertureradar(IFSAR) to obtain highlyaccurateelevationdata is
possible using innovative algorithm&lear real-time elevationdata determination isalso possible usindast
correlating stereandhigh multiple electro-opticalimages. Laserradarscan be usedor the production of high-
resolution DTED (see Section 16.3)

This technology supports the Joint Vision 2010 goals of dominmarteuverand precision engagement by
providing a clearer picture of enerandfriendly locations in the battlespacknowledge ofthe preciselocation of
dispersed friendly forceand enemyforceswill enhance standoffapabilities of weapons @t longest lethatange.
CID technology is a major element of the Joint Warfigh®&T Plan todifferentiatepotential targets afiend,
foe, or neutral in sufficientime, with highconfidenceand atthe requisite range t@upportengagement decisions
and weapon release.

The following technology enhancements should be pursued:

* Low-cost, space-based, multisensor system for Hetactingstationaryand moving targets, whicltan be
launched on demand

* POSITIME integrated toall imageryanddata, providing acommon grid reference ofthe battlespace for
theater commanders and intelligence analysts

»  Secureultra-high bandwidth (> 3 GHz)for near-real-timetransmission ofsurveillance and imaging
information

» Continuous sensor improvements that can interpret imaging and nonimaging sensor data tadezitdply
the target ID in near real time

» Communication improvements secured datdissemination for SA multimedia informati@own to the
lowest mobile echelon

» Areliable automated decision-didol to handlethe unprecedentedmount ofraw information produced by
modern sensor systems and by the effectiveness of C3 systems.

There are no special requirementstfoe U.S. Government to gaimccess tahis technology. The substantial
margin of capabilityadded iscritical to continuedJ.S. superiority in SAandthe multitude of missionslependent
thereupon.

WORLDWIDE TECHNOLOGY ASSESSMENT

Australia ® Austria o Belgium o Canada oee
China ® Finland ° France oo Germany eoee
Greece ® Israel oo Italy oo Japan ®
Russia eoee UK oo United States oo

Legend: Extensive R&D  ®®°®® Significant R&D  ®®® Moderate R&D ®® Limited R&D ®

Wide-areasurveillanceand imaging sensoresearch isimited to NATO countriesRussia,and China. At
present, the United States, Russia, Germany, and the UK appear to be leaders.

o Statement of Honorable P.G. Kaminski before House Permanent Select Committee on Intelligence, October 18, 1995.
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The following organizations have active research programs in this technology:

* United States
— ERIM International — Naval Research Laboratory
— Johns Hopkins Applied Physics Lab
« UK
— British Aerospace Systems and
Equipment
» Germany

— Daimler-Benz Aerospace, now Dornier
GmbH Satellitensysteme

e Russia

— Institute of Radio Engineering and
Electronics at Fryazino
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DATA SHEET I11-16.6. SYNTHETIC APERATURE RADAR (SAR)
AND INVERSE SAR (ISAR) SENSORS

Developing Critical ]
Technology Parameter Next 5 to 10 years:

Recognizing targets under variable sensor and deployment conditions, coping with
sensor squint, depression and aspect angles, target articulation, configuration,
shadow obscuration, terrain layover, and camouflage.

Target mapping in color.

Mapping resolution less than 1 ft in both azimuth and slant range.
Mapping swath: 10 nmi.

Altitude range: 0.2 to 13.1 km.

Critical Materials None identified.

Unique Test, Production, None identified.

Inspection Equipment

Unique Software Use of model-driven ATR for both SAR and ISAR sensors.

Technical Issues SAR sensors good for stationary targets. ISAR sensors good for moving targets, but

required to be stationary. Need to develop a long-distance multisensor good for both
stationary and moving targets, on moving or stationary platforms.

Increased resolution of sensors for longer range detection and identification.

X‘S&)‘I’irc;‘i’é?]g‘emia' Imaging technologies are used in medical imaging, law enforcement, robotics,
transportation sensing, and multimedia. Precision mapping and images.

Affordability Combining technologies for both stationary and moving targets is a cost driver, but a
high operational payback.

Integration and interoperability are major cost drivers.

RATIONALE

This technology, whemtegratedwith ATR algorithmsanddigital map data bases, will provide long-range
positive identificationusing SAR sensor®r stationary targetandISAR sensors fomoving targetsSAR/ISAR
advantages include all-weather capability, high resolution, and imaging at long distances.

This technology supports the Joint Vision 2010 goals of domin@rteuverand precision engagement by
providing a clearer picture of enerandfriendly locations in the battlespacknowledge ofthe preciselocation of
dispersed friendly forceand enemyforceswill enhance standoffapabilities of weapons @t longest lethatange.
CID technology is a major element of the Joint Warfigh®&T Plan todifferentiatepotential targets afiend,
foe, or neutral in sufficientime, with highconfidenceand atthe requisite range t@upportengagement decisions
and weapon release.

Temporal integration (positiorand time tagging) of informationoffers a powerful potential for ATR
processing. For example, in automatic mine detection, land mines that are placed sufficiently far underground can fall
into the “too-hard-to-detecttategory. However, if amall collection of vehicles isbserved in garticular pattern
and that information is stored, later retrieval, after evidence of a mitdetésmined, can correlatee information of
the known mine with the position of the suspicious vehicles to determine location of the remaining mine.
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The DefenseAdvancedResearchProjectsAgency (DARPA)andU.S. Air Force are developingmodel-driven
ATR technologies for SAROne of the primary goals @AR is todevelop integrated approacHes recognizing
targetsundervariable sensoanddeployment conditions, copingith sensor squintdepressiorand aspect angles,
target articulation, configuration, shadow, obscuration, terrain layover, and camouflagendarttime frame, it is
expected to recognize 20 different high-value tactical and strategic targets under all sensor and deployment conditions.

The following technology enhancements should be pursued:
e Larger storage capacity, rapid retrieval, and faster computing processors for ATR systems

e Long distancemultisensorsgood for detectindpoth stationaryandmoving targets on either a moving or
stationary platform

« POSITIME integrated toall imagery, providing a commogrid reference ofthe battlespace fatheater
commanders and intelligence analysts.

There are no special requirementstfoe U.S. Government to gaimaccess tahis technology. The substantial
margin of capability added is critical to continugds. superiority in SAandthe multitude of missionslependent
thereupon.

WORLDWIDE TECHNOLOGY ASSESSMENT

Australia ° Austria o Belgium o Canada oo
China oo Finland o France oo Germany oee
Greece ® Israel oo Italy oo Japan b
Norway ® Russia oo Sweden o UK oee
United States eeee

Legend: Extensive R&D  ®®°®® Significant R&D  ®®® Moderate R&D ®® Limited R&D ®

SAR and ISAR research is beiggrriedmainly by universitiesand countries involved irspace researdh.e.,
European Space Agency, Canadian Space Agency, and NASA). At present, the United States appears to be the leader.

The following organizations have active research programs:

e United States

— Boeing — General Atomics

— Heriot-Watt University — Johns Hopkins University

— Joint Propulsion Laboratory -Lockheed Martin

— NASA — Ohio State University (Electro Science
Laboratory)

— Raytheon — Sandia National Laboratories

- TRW — Yale University

« UK
— AEL University of Dundee

e Germany
— Daimler Chrysler Aerospace - DLR
- FGAN

e France
— Alcatel
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Italy

— Universita’ di Pisa
China

— |EAS

Canada
— Canadian Space Agency

Russia

— Institute of Radio Engineeringand — Russian Academy of Sciences
Electronics

— VEGA-M Scientific and Production
Corporation
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DATA SHEET 111-16.6. INFRARED SENSORS/DEVICES

Developing Critical .
Technology Parameter Next5 to 10 years:

This technology will provide a day/night target detection, classification, and
dissemination capability at stand-off ranges.

Can identify noncooperative, small-radar-cross-section aircraft, ground vehicles,
and ships at extended ranges.

Range expected to increase 3-5x from current capabilities.

Critical Materials None identified.

Unique Test, Production, None identified.

Inspection Equipment

Unique Software Target classification systems is required.

Technical Issues Positive identification on noncooperative air and ground targets need to be addressed.
'\A/Ip?g)(l)i::gt?gr]]?emial Law enforcement agency use for interdiction, boarding, and surveillance. Automatic

highway systems.

Affordability Complexity of classification signature data base and integration are major cost drivers.

Integration and interoperability are major cost drivers.

RATIONALE

This technology provides day/night target detectiodrelative distance&ndvelocity of target.Integratedwith
ATR software it can identify target classification at standoff ranigésred cameras can be used to detgwllowly
buried or surface landmines. Other applications vary, from use as night aigitihermal image sensors, to use as
an airborne FLIR system that can identify noncooperative aircraft, ground vehicles, and ekigsdedanges. The
FLIR sensomerforms unresolved target detectamd handoff tathe laseradarfor target exploitation.Targets are
interrogated to generate classification signatures by exploiting the return signal from the taagethdn transmit
near-real-time target signature amdh-resolution imagery to operatiortheater commanderga widebandsatellite
links.

Infrared devices can be used for signaling and marking, providing an inexpensive means of identification. Such
devices includehermal tapesBUDD lights, and a codeable infrardaeacon(i.e., Phoenix light) with aange of
4 km, but with the advantage of reprogrammaagles todistinguish within a group. Combining tlalvantage of
night vision goggles (that can pick up visual light sources at large ranges) and IR sensors (that are not susceptible to
strong light sources and can work in total darkness) can provide improved situational awareness in urban warfare.

This technology supports the Joint Vision 2010 goals of domin@rteuverand precision engagement by
providing a clearer picture of enerandfriendly locations in the battlespacknowledge ofthe preciselocation of
dispersed friendly forces and enemy forces will enhance standoff capabilities of weapons at their longest lethal range.

CID technology is a major element of the Joint Warfight8&T Plan to differentiate potential targets as
friend, foe, or neutral in sufficientime, with high confidence,and atthe requisite range tsupportengagement
decisions and weapon release. The Joint Surveillance/Intelligence plan also iddngifteshnology as a means to
address positive identification of noncooperative targets.

The enhancement to integrate POSITIME to all imagery, providing a comgnitbreference othe battlespace
for theater commanders and intelligence analysts, needs to be pursued.
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Current sensorsan discriminate fopositive identification at ranges up tabout 5 km. By 2025 thisange
could increase by aorder of magnitude,and pattern-recognition logiccould assist in threatletermination by
observing discriminators such as vehicle type, cadod motion, or observations thatersonnelwere carrying
weapons and moving in a tactical manner.

There are no special requirementstfoe U.S. Government to gaimaccess tahis technology. The substantial
margin of capabilityadded iscritical to continuedJ.S. superiority in SAandthe multitude of missionslependent
thereupon.

WORLDWIDE TECHNOLOGY ASSESSMENT

Australia ° Austria o Belgium o Canada oeoe
China ® Finland o France oo Germany oee
Greece ® Israel oo Italy oo Japan ®
Russia ee UK ee United States eeee

Legend: Extensive R&D  ®°®°®® Significant R&D  ®®® Moderate R&D ®® Limited R&D ®

Infrared research is being carried out throughout the industrialized world. At the piresentheUnited States
appears to be the leader.

The following organizations have active research programs:

e United States

— Boeing — DRS Optronics
— Epitaxial Technologies (University of — FLIR Systems
Maryland)
— Honeywell — Laser Devices, Inc.
— Lockheed Matrtin — Northrop-Grumman
— Raytheon — Tracer Technology
* France

— Société Francaise de Detecteurs Infra
Rouge

« Germany
— Diehl-Aerospace

 Canada
— The National Optics Institute
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DATA SHEET 11I-16.6. LASER RADAR SENSORS/DEVICES

Developing Critical .
Technology Parameter In next 5 to 10 years:

Three-dimensional laser radar with tunable laser radar for target detection and
identification of obscured targets. Wavelength: 1.5 pm to 3.5 pm.

Ground-to-ground: measure the shape of objects at distances of 1 km or more. Can
display the shape and directional velocity of moving targets. Range data is measured
to an accuracy of 0.005 m.

Air to ground: determine target location with accuracy of 0.3 m from 40,000 ft.

Critical Materials None identified.
Unique Test, Production, None identified.
Inspection Equipment
Unique Software Integrates GPS, ATR software, and satellite communications.
Technical Issues Detecting targets in shallow hide and camouflage or foliage.
Major Commercial Vehicle detection and classification as part of intelligent highway systems; automation
Applications of agricultural equipment and precise measurement of distances.
Affordability Integration and interoperability are major cost drivers.
RATIONALE

This technology will allow warfighter to rapidly detect, identify, and locate target position withiradcuanacy
and transmidata/imagery tmther usersLaserradar andangefinders can deteahd precisely measurthe position
and velocity of ground and air vehicles. Integratgth a miniature IFFinterrogator ATRalgorithm, laserradar and
rangefinders can providealidatedtarget identificationand classification validation ofriendly forces, aswell as
enemyand neutrals.Lasertechnologies have wide diversity of military applications, includingangefinders, LPI
altimeters, and LPI terrain-avoidance sensors. Laser sgdegmscan searclior specific shapes bATR algorithm.
In this casethe analysis isloneautomatically,andthe operator isalertedwhen target is identified. Laseamera
systems can generate complete three-dimensional images of the field of view, particularly fantgsyoved,000
m in distance.

This technology supports the Joint Vision 2010 goals of domin@rteuverand precision engagement by
providing a clearer picture of enerandfriendly locations in the battlespacknowledge ofthe preciselocation of
dispersed friendly forces and enemy forces will enhance standoff capabilities of weatimis lahgest lethatange.
CID technology is a major element of the Joint Warfigh®&T Plan todifferentiatepotential targets afiend,
foe, or neutral in sufficientime, with highconfidenceand atthe requisite range t@upportengagement decisions
and weapon release.

The U.S. Air Force’s Spacecas020 studysuggested amxotic, space-basethrget-recognition scheme in
which a laser beam from a satelliould scanthe battlefield,and sensors on thepacecraft would analyze the
reflectedenergy. By comparing the spectra, identificatwould be possible. Friendly tanksand aircraft could be
chemically coated to produce a characteristic spectrum when excited by the space-based laser, providideges®ther
of IFF capability.

There are no special requirementstfoe U.S. Government to gaimaccess tahis technology. The substantial
margin of capabilityadded iscritical to continuedJ.S. superiority in SAandthe multitude of missionslependent
thereupon.

11-16-153



WORLDWIDE TECHNOLOGY ASSESSMENT

Australia ° Austria ° Belgium o Canada oeoe
China oo Finland oo France eeeo Germany eeee
Greece ® Israel oo Italy oo Japan oee
Norway b Russia ecoe Spain ° Sweden oo
Switzerland ee UK eoee United States oo

Legend: Extensive R&D  ®®°®® Significant R&RD  ®®® Moderate R&D ®® Limited R&D ®

Laserradarresearch iseing carriedout throughout théndustrialized world. Atthe presentime, the United
States, Russia, the UK, and Germany appear to be the leaders.

The following organizations have active research programs:
* United States

— Coherent Technologies Incorporated — Fibertek Incorporated
— Hughes Radar —Los Alamos National Laboratory
— NASA Ames Research — Naval Surface Warfare Center

— Schwartz-Electro Optics

e Germany

— Fraunhofer Institute for Laser — Molecular Technology GmbH
Technology
— University of Worzburg
e Russia
— loffe Physico Technical Institute — Institute Atmospheric Optics
— Lebedev Physical Institute — Novosibirsk State University,
Laboratory of Laser Systems
« UK
— AG Electro-Optics — British Aerospace Systems &
Equipment Incorporated
— Instruments SA
* France

— CNRS Ecole Polytechnique;

 Finland
— Academy of Finland

* Sweden
— Photonics Research Laboratory — Laseroptronix
* Japan
— Mitsubishi Incorporated — National Space Development Agency

— Nippon Laser & Electronics Laboratory

+ Canada
— Imago Machine Vision, Ltd. — York University
e China
— Ahhui Institute of Optics and Fine
Mechanics

11-16-154



DATA SHEET 111-16.6. TAGGING TECHNOLOGY

Developing Critical
Technology Parameter

In next 5 to 10 years:

A micro-silicon chip, no bigger than a coffee grind and a micro-miniaturized antenna
will provide a very low-cost ID for installation on any type of material.

Tag remains passive until scanned by device (i.e., radio, laser) without having to get
near the tag or even have line of sight to it. Transmission can use low probability of
intercept algorithms.

Scanner can change or add information on the chip.

Critical Materials

None identified.

Unique Test, Production,

Inspection Equipment

None identified.

Unique Software

None identified.

Technical Issues

Low power tag receivers (< 30 mW) and miniature battery (< 0.5 kg) to enable continuos

performance for months.

Material that when removed from soldier or combat vehicles will render tag useless in
case of capture by enemy.

LPI/LPD and other security issues.

Very low cost requirement for use by all personnel and assets, particularly in a combat

urban area.
Major Commercial Replacement for bar codes. Tracking mail, luggage, production parts and spare parts,
Applications . e .
identification and location.
Affordability Leveraging commercial technology will minimize cost.
RATIONALE

Tagscan be usedctively or passively tgrovide vehiclesandpersonnel tracking on which those tdgsve
been implanted, overtly or covertly. The tags can be implanted in equipment upon manufacturirayy imtaterials
at growth or mining, or onto vehicleandequipment late(i.e., decals).The location or activitycould bescanned
from ground or overhead (i.e., UAV or satellite) radio or laser scanners.

Use of microminiature RFID tags could provide a low-cost real time beyond line-of-sight positive identification
of personnel and combat assets within the local battlefield area, especially in urban terrain environments.

This technology supports the Joint Vision 2010 goals of domimameuverand precision engagement by
providing a clearer picture of enerapdfriendly locations in the battlespacknowledge ofthe preciselocation of
dispersed friendly forceand enemyforceswill enhance standoffapabilities of weapons @t longest lethatange.
CID technology is a major element of the Joint Warfigh®8&T Plan todifferentiatepotential targets aiend,
foe, or neutral in sufficientime, with highconfidenceand atthe requisite range t@upportengagement decisions
and weapon release.

DARPA is currently developing an RF tag technology to alémworneradar(both moving targeindication
and SAR) to communicate directly witiround devices to providdentification of friendlyassets, tawommunicate
information directly from ground sensors to the platform, and to corre@rifors inthe radar-determinetbcation of
targets. This may resolve tachnical barrier ofobtaining target identificatiorusing radar data alone. This is
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especially true in conflictsvhere amix of friendly, unfriendly, and neutral forces will be mixed with non-
combatants.

This technology is in itsnfancy for combat identification applicationandthereforeshould continue to be
pursued to provide micro-miniature transponding tags déatlastorageand LPI/D transmission capability which is
suitable for long-range military operations.

There are no special requirementstfoe U.S. Government to gaimaccess tahis technology. The substantial
margin of capabilityadded iscritical to continuedJ.S. superiority in SAandthe multitude of missionslependent
thereupon.

WORLDWIDE TECHNOLOGY ASSESSMENT

Australia oo Austria oo Belgium o Canada oeoe
China ® Finland o France oo Germany oo
Greece ® Israel oo Italy oo Japan ®
Netherlands ee Russia ® South Africa ee Sweden o
Switzerland ® UK eeoe United States eoe

Legend: Extensive R&D  ®®°®® Significant R&D  ®®® Moderate R&D ®® Limited R&D ®

Commercial interests are advancing the developmegproduction ofthis technology. At present, éppears
that the United States, Canada, and the UK are leading in the development of low-cost RFID tagging technology for
commercial applications. This is an emerging technology for military applications.

The following organizations are active in this technology:

« United States

- AMTECH — Avid Inc.

— BaslQ Systems — Beigel Technology Corporation
— Biomark — DARPA

— ERIM International Inc. — Escort Memory Systems

— Microchip Technology — Motorola

— RF Technologies — Southwest Research Institute

— Toyon Research Corporation

+ Canada
— ldentec Solutions, Inc. — Kasten Chase Applied Research, Ltd.
— RFID Systems Corporation — SAMSys Technologies Inc.
* Australia
— Amskan — Integrated Silicon Design
* Austria
— Philips Semiconductors Gratkorn
GmbH
« UK
— A.P.T. Smart Solutions — IBechnology, Ltd.
* France
— Balogh
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Sweden

— Baumer Iden AB
Germany

— DIEHL Ident GmbH
— Siemens AG

Italy

— Extel srl

South Africa

— Infotronics

Israel

— Tadian Telematics, Ltd.
Netherlands

— Cross Point b.v.
Switzerland

— EM Microelectronic-Marin SA

— Tagmaster AB

— Scemtec

— TNO Institute of Applied Physics

1-16-157



